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EXPLANATION OF DISSERTATION FORMAT 
This dissertation is organized in an alternate format, in 
accordance with the Graduate College Thesis Manual for Iowa State 
University. The use of the alternate format allows the preparation of 
independent sections, each of which is suitable for submission to a 
scientific journal for publication. 
Following the Introduction on Page 2, a Literature Review is 
presented to acquaint the reader with important developments in 
mitochondrial DNA research that are relevant to the dissertation. 
Following the Literature Review are three research papers that report 
the results of experiments performed from 1987 through 1989. A general 
summary follows and is intended to cite briefly the major conclusions of 
the papers and to suggest useful future experiments. 
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INTRODUCTION 
Mitochondria are the cellular sites of nutrient transduction into 
ATP, the energy currency of the cell. Genes that regulate and encode 
enzymes for the energy transduction process are in the nucleus and in 
the mitochondria of cells. The interaction between nuclear and mtDNA is 
essential for mtDNA replication and gene expression, as well as for the 
establishment and maintenance of chemical energy conversion through 
electron transport. 
Nuclear genes undergo modification and selection, and evolution is 
the product of these processes. The DNA in mitochondria is subject to 
modification and selection, and variation in mtDNA has been described 
for many species. Some mtDNA variation can be destructive to the 
organism and can cause disease. 
Whether mtDNA variation short of that found in disease is 
sufficient to cause variation in animal quantitative traits, such as 
growth rate and lactation performance, has been addressed only recently. 
Quantitative genetic evidence suggests possible involvement of non-
nuclear genes in production functions of dairy cattle. Mitochondrial 
DNA, the only known non-nuclear DNA in animals, is a likely carrier of 
non-nuclear genetic effects. 
The objectives of the research reported in this dissertation were 
to isolate a portion of bovine mtDNA, to characterize its genetic 
organization, and then to compare mtDNA from many cattle. The results 
indicate that variation in bovine mtDNA is sufficient to use mtDNA as a 
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genetic marker for production traits that are affected by cytoplasmic 
inheritance. Further applications could include the use of mtDNA 
information to verify familial relationships of cattle, and for the 
assembly of microphylogenetic trees that describe the evolutionary 
history of cattle. 
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REVIEW OF LITERATURE 
Molecular Biology of MtDNA 
Physical description of animal mtPNA 
Kleiber (1975), in a description of bioenergetics, made an analogy 
between biological oxidation of energy substrates for energy capture and 
their complete oxidation by combustion with energy release. 
Mitochondria are the cell structures that facilitate the controlled, 
stepwise capture of energy from biological oxidation. The delineation 
of processes that occur in biological oxidation and in ATP synthesis has 
led to interest in the structure, function, and biogenesis of 
mitochondria. 
Mitochondrial studies began with cytological descriptions of 
mitochondria as cell inclusion bodies (Altmann, 1890) . Warburg (1913) 
showed that, in guinea pig liver, cell respiration was linked to the 
mitochondrial particles, which he called "grani". He suggested further 
that the iron-containing respiratory factor Atmungsferment was 
associated with the grana particles. Later, Hogeboom et al. (1946) 
demonstrated the localization of Atmimgsferment, now known as cytochrome 
oxidase, in the mitochondrion. The development of methods for the study 
of mitochondrial respiration by Chance and Williams (1955) stimulated 
the study of mitochondrial ATP synthesis in nutrition, physiology, and 
biomedical research. 
In 1963, mitochondrial metabolism and genetics converged. For 
several years, it had been known, based on studies by Ephrussi (1953) 
and others, that non-Mendelian cytoplasmic genes were responsible for 
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respiration deficiencies in Saccharomyces cerevisLae mutants. Nass and 
Nass (1963) observed that chick embryo mitochondria contained DNA and 
confirmed that mitochondria could be a source of cytoplasmic 
inheritance. Following the rapid identification of mtDNA in many 
species of plants and animals, studies of the physical, chemical, and 
functional properties of mtDNA began. 
Animal mtDNA, with one documented exception (Warrior and Gall, 
1986), is a double-stranded, covalently closed-circular molecule located 
in the cell cytoplasm (Tzagoloff, 1982). Most animal mtDNA molecules 
are about 16-20 kilobase pairs (kbp) in length. A distinguishing 
feature of animal mtDNA is its capacity to form a transient triplex 
helical structure in the region of the replication origin (Clayton, 
1984). This structure, termed the D-loop, was described initially by 
Hallberg (1974). Radloff et al. (1967) capitalized on the circular 
nature of mtDNA from cultured cells to separate it from cell nuclear DNA 
and cytoplasmic RNA by its buoyant density characteristics in CsCl 
gradients. More extensive characterization of the mtDNA strands is 
possible to obtain heavy and light mtDNA strands. Strand separation is 
possible because asymmetry of nucleotide composition exists between 
mtDNA strands (Anderson et al., 1981). 
The complete nucleotide sequence has been determined for four 
mtDNA genomes: Humans (Anderson et al., 1981), mice (Bibb et al., 1981), 
cattle (Anderson et al., 1982), and a frog, Xenopus laevis (Roe et al., 
1985). Alignment of the mtDNA genes from these species indicates that 
the order of mitochondrial genes has been conserved for nearly 350 
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million years since the lineages of humans, cows, mice, and frogs 
diverged (Barton and Jones, 1983). The small size of the genome is a 
distinguishing feature of metazoan mtDNA and is illustrated by the use 
of only 22 tRNA genes instead of the 32 required to read the code 
according to the wobble mechanism (Barrell et al,, 1979). Also, tRNA 
genes are distributed among the protein reading frames and are often 
butt-jointed with them (Anderson et al., 1982). Selection for small 
genome size has been proposed as the reason for the compact size of 
animal mtDNA (Sederoff, 1984; Wallace, 1982). A selective advantage for 
smaller size is suggested by studies of inheritance (Rand and Harrison, 
1986; Solignac et al., 1984) and of frequency of heteroplasmic copy-
number variants (Hale and Singh, 1986). 
The lack of introns in animal mtDNA is indicated from the four 
vertebrate species sequenced entirely and from two invertebrate species 
sequenced partially (Moritz et al., 1987). The signals for mtRNA 
transcript processing, commonly provided by introns in chromosomal DNA, 
seem to be absent In mtDNA. Most intergenlc sequences of mtDNA have 
roles in transcription or replication despite their lack of nucleotide 
conservation among species (Cantatore and Saccone, 1987). 
Nuclear gene homologs of some mtDNA genes exist in several species 
including insects (Gellisen et al., 1983), rats (Hadler et al., 1983), 
and humans (Tsuzuki et al., 1983; Fukuda et al., 1985). The transfer of 
genes to the nucleus in evolution is thought to have been a force in the 
development of a compact mtDNA genome (Wallace, 1982). Nuclear copies 
of mitochondrial genes lead to genomic redundancy within separate 
7 
compartments of the same organism. This redundancy does not duplicate 
mtDNA functions because mtDNA codon usage for protein synthesis is 
different from that of the nuclear and bacterial "universal" genetic 
code (Barrell et al., 1979). The mtDNA codon usage differs from the 
"universal" one in that UGA codes for tryptophan rather than 
termination, AUA codes for methionine rather than for isoleucine, and 
AGA and AGG are never used for arginine (Barrell et al., 1979). Hence, 
the translation of mitochondrial proteins with cytoplasmic tRNAs is 
predicted to yield "nonsense" proteins. These observations suggest 
little functional significance for nuclear homologs of mtDNA. 
The development of in vitro systems for the determination of mtDNA 
functions has allowed the elucidation of mtDNA fine structure and the 
roles of specific regions of mtDNA in cell function. Assays for mtDNA 
replication and transcription (Barat-Gueride et al., 1987) were used for 
the purification of protein and RNA molecules required for mtDNA 
replication and transcription (Chang and Clayton, 1987a; Chang and 
Clayton, 1987b). Further advances are being made with the development 
of gene transfer systems for mitochondrial genes in yeast (Fox et al., 
1988). By using selectable markers on transgenes, the gene transfer 
approach has made possible the manipulation of the mtDNA genotype of 
living cells. 
Functional description of mtDNA 
MtDNA in cells must be replicated and then serve as a 
compartmentalized template for transcription of mitochondrial mRNAs, 
rRNAs, and tRNAs. To accomplish these, specific mtDNA regions may serve 
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as targets or recognition sites for proteins and other factors involved 
in mtDNA regulation. 
The transcription of mtDNA into mitochondrial RNA is initiated in 
the D-loop region. Promoters for light and heavy strand transcripts are 
located near the origin of heavy strand replication (Clayton, 1984). 
The light and heavy strand promoters seem to be regulated similarly: 1) 
They share a binding site for mitochondrial transcription factor (TF) 12 
to 40 bp 3' from the transcription start site, 2) a common RNA 
polymerase is used for both (Chang et al., 1987); and 3) proteins bind 
to discrete sites near the promoters as revealed by mtDNA footprint 
analysis (Fisher et al., 1987). 
Transcription yields a monocistronic RNA, and mitochondrial rRNAs, 
tRNAs, and mRNAs are spliced from the master transcript. Polycistronic 
transcription allows mitochondrial mRNA transcripts encoded by one 
strand to be made in a 1:1 stoichiometry. Because the electron 
transport system in which these subunits are assembled has subunits 
present in fixed molar ratios, a simple on/off control for transcription 
is sufficient to regulate mRNA quantities. This process shifts 
regulation of mtRNA production to a single on/off event or perhaps one 
of graded levels of transcriptional activity. A fixed stoichiometry 
among mRNAs also avoids complex gene regulation for each of the 13 
mitochondrial mRNA reading frames. An exception to the 1:1 
stoichiometry is the 100:1 ratio of rRNA to mRNA transcripts in HeLa 
cells (Gelfand and Attardi, 1981). The distribution of tRNAs among the 
protein reading frames is thought to provide processing sites for the 
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polycistronic transcript (Battey and Clayton, 1980) . The processed mRNA 
transcripts then are polyadenylated at the 3' end. Other post-
transcriptional processing steps, such as 5' capping, seem to be absent 
from mitochondrial RNA (Cantatore and Saccone, 1987). 
The replication of mtDNA proceeds from distinct replication origins 
for the heavy and light mtDNA strands. Transcription from the light 
strand transcriptional promoter is the priming event necessary for 
initiation of mtDNA replication. At the heavy strand replication 
origin, transcription either continues or switches to mtDNA synthesis. 
Replication proceeds from the heavy strand replication origin through 
the tRNAP^° gene and past the light strand replication origin. After 
the replication process has passed the light strand origin, synthesis of 
the light strand proceeds from its origin in the direction opposite to 
heavy strand synthesis (Clayton, 1984). Replication is by a rolling-
circle mechanism similar to that of plasmids in bacteria and yeast. 
Processing of the RNA primer from the 5' end of the newly 
synthesized heavy strand of mtDNA is by mitochondrial processing 
activity (MRP), which is a protein and RNA complex that is required for 
cleavage at the site of transition from primer RNA synthesis to DNA 
synthesis (Chang and Clayton, 1987b). Processing occurs at a region of 
stable stem-and-loop structure near the heavy strand replication origin. 
A 135-nt RNA molecule, encoded in the nucleus, is translocated into the 
mitochondrial matrix and is an integral component of MRP, 
The replication of bovine mtDNA from the heavy strand origin can 
terminate abruptly at discrete points in the D-loop control region 
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downstream (5') several hundred nucleotides from the heavy strand 
replication origin but proximal to the tRNA^^® gene (King and Low, 
1987a). The hybridization of the abortive replicant mtDNA to the parent 
mtDNA strand causes displacement of the light strand to form a triplex 
structure termed a displacement loop, or D-loop. The third strand may 
be heterogeneous in length because of discrete sites of termination in 
the D-loop region. Furthermore, the state of cell growth can regulate 
the length and quantity of newly synthesized third-strand structures 
(King and Low, 1987b). The functional significance of heterogeneity in 
D-loop third strands is unknown. 
MtDNA is a cytoplasmic target for proteins that bind to it and thus 
regulate mtDNA replication and gene expression. The origins of 
replication and the transcriptional promoter sites serve this 
recognition function. Binding domains for nuclear proteins are sites of 
cytoplasmic-nuclear interaction that occur in all organisms that possess 
mtDNA. It is in this receptor-like capacity that mtDNA nucleotide 
sequence variation could conceivably play a role in genetic regulation 
of mitochondrial replication and transcription. 
Involvement of mtDNA in cell function 
Mitochondria and mtDNA are found in all animal species because of 
their dependence on oxidative phosphorylation, although mitochondria and 
their DNA are not required for life. Many bacteria depend only partly 
on oxidative phosphorylation, although not at all on mitochondrial 
oxidative phosphorylation (Gottschalk, 1979), and isolated fibroblasts 
can subsist in culture without mitochondria (Desjardins et al., 1986). 
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In both these cases, cells depend largely on substrate-level 
phosphorylation for ATP synthesis. Enzymes encoded by mtDNA participate 
in mitochondrial oxidative phosphorylation of ADP to ATP, which makes 
mtDNA indispensable for life that uses oxygen as an electron acceptor in 
ATP synthesis. 
Mitochondrial and nuclear genes are required for respiratory 
function (Tzagoloff and Myers, 1986). The cooperative interaction 
between nucleus and mitochondrion is manifested in two ways: The 
assembly of mitochondrial and nuclear-encoded peptides into respiratory 
enzymes and the requirement for mitochondrial and nuclear-encoded 
proteins and RNAs for replication, transcription, and translation of 
mtDNA (Chang et al., 1987). 
About 69 peptides exist in five oxidative phosphorylation 
complexes in the respiratory chain of animals. Of these, 13 peptides 
contained in four complexes are encoded by mtDNA (Anderson et al., 1981; 
Chomyn et al., 1986). The 13 reading frames encode subunits I, II, and 
III of cytochrome oxidase, the apoprotein of cytochrome b, subunits 6 
and 8 of the ATPase, and 7 subunits of the NADH-dehydrogenase complex 
(Cantatore and Saccone, 1987). Besides reading frames for proteins, 22 
tRNAs and 2 rRNAs are encoded by mtDNA and are required for translation 
of the 13 mtDNA-encoded proteins. 
With key involvement of mtDNA in oxidative phosphorylation, 
perhaps tissues that are more metabolically active have more mtDNA, or 
mtDNA is transcribed more actively to serve as template for protein 
synthesis. Both of these regulatory mechanisms seem to be important. 
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The rate of mtDNA transcription seems to be regulatable and, assuming 
equal transcript stability, could be a major control point in the 
synthesis of mitochondrial proteins. In rat liver, the concentration of 
cytochrome oxidase subunit I mRNA peaks at birth and coincides with a 
peak in cytochrome oxidase activity at that time (Cantatore et al., 
1986). The rate of mitochondrial protein synthesis and concentration of 
mtDNA peak at 10 days of age in rat cerebellum, whereas mtRNA synthesis 
remains constant over the first 3 weeks of postnatal life. The tissue-
specific regulation of mtRNA transcription, together with the 
developmental regulation of transcription during development of the 
animal, are important to understanding the regulation of mtDNA 
concentrations in the cell. 
The concentration of mtDNA in tissues can be altered under some 
circumstances. In a study of muscle tissue stimulated by chronic 
electrical impulses to achieve muscle hypertrophy, up-regulation of 
mtDNA copy number occurred (Williams, 1986). It seems unlikely that the 
number of mtDNA copies per mitochondrion is a major determinant of cell 
metabolic activity because few copies of mtDNA present in each 
mitochondrion. Bogenhagen and Clayton (1974), for example, found two to 
three copies of mtDNA per HeLa cell mitochondrion. 
A major exception to mtDNA ploidy correlation with oxidative 
activity is the high mtDNA copy number that exists in oocytes (>10^ per 
cell) (Michaels et al., 1982) as contrasted with perhaps 50 molecules in 
sperm (Hecht et al., 1984). Whereas sperm cells are very active 
metabolically, they have lower numbers of mitochondria than do oocytes. 
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and these are concentrated mostly around the motile fibers of the 
midpiece (Hecht et al., 1984). The oocyte, before fertilization, is 
less active metabolically than sperm but contains sufficient mtDNA for 
transcription and of mitochondrial mRNA for translation during oxidative 
metabolism later in embryogenesis. After fertilization, a burst of 
translational activity in frog embryos includes protein synthesis from 
sequestered RNA template that includes the translation of an ATPase 
subunit from mitochondrial mRNA stored in the cell (Weeks and Melton, 
1987). From the regulatory events demonstrated by these experiments, it 
is clear that mtDNA ploidy alone does not provide major control over 
mitochondrial replication and transcription, so that a higher form of 
regulation than mtDNA alone is important. 
Variation in MtDNA 
Variation in mtDNA among species 
The mtDNA of many organisms has been isolated and studied, 
including that from unicellular eukaryotes, animals, and plants. 
Although the mtDNA from these organisms share common functions, their 
nucleic acid sequences and sizes vary greatly among phyla. For example, 
mtDNA ranges from 16 kbp in mammals, to 80 kbp in yeast, and to over 700 
kbp in some plants (Wallace, 1982). 
Plant mtDNA varies from about 140 kb for potato to over 720 kb for 
cucumber (Wallace, 1982). Plant mtDNA shares with animal mtDNA the 
common capacity to encode enzymes of oxidative metabolism. Furthermore, 
the mtDNA of plants contains introns in protein-coding genes. Introns, 
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common features in nuclear DNA of plants and animals, are absent from 
mammalian mtDNA (Clayton, 1984). A further difference between animal 
and plant mtDNA is that multicellular animals nearly always have 
circular mtDNA whereas single-cell eukaryotes and plants may have either 
linear or circular mtDNA (Wallace, 1982) 
Metazoan mtDNA is much less variable than is the mtDNA of plants. 
Animal mtDNA varies in size from 16,295 bp for mice (Bibb et al., 1981) 
to over 20,000 bp for Xenopus laevis (Roe et al., 1985). The number of 
protein-coding genes, their functions, and their locations within the 
genome hardly vary among metazoans. Most mtDNA size differences among 
metazoans can be accounted for by variation in the size of noncoding and 
intergenic regions (Moritz et al., 1987). Studying goat and sheep mtDNA 
heteroduplexes, Upholt and Dawid (1977) showed that the middle of the 
noncoding D-loop region is more conserved than are its extremities. 
This observation has been generalized to other animal species and 
extended by direct sequencing to variations in lengths of intergenic 
sequences (Wrischnik et al., 1987). 
Like nuclear DNA, mtDNA can vary within species. Nucleotide 
variation in mtDNA within an animal species was described first by Brown 
and Vinograd (1974) who used restriction fragment length polymorphism 
(RFLP) techniques to study polymorphisms in human mtDNA. This variation 
has been applied to pedigree analysis based on mtDNA, the estimation of 
evolutionary relationships (Cann et al., 1987), the involvement of mtDNA 
genes in disease states (Holt et al., 1988), and the determination of 
migratory and ecological relationships of animals (Avise et al., 1987). 
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Nucleotide substitution in animals 
Modification of nucleic acid sequences generates variation in 
nuclear and mtDNA. Forces of selection, migration, and random drift can 
alter the frequency of modified genes in populations (Lush, 1945). The 
most common nuclear and mtDNA modifications are transitions that consist 
of purine substitution for purine or pyrimidine substitution for 
pyrimidine. Less common are transversions of purine substitution for 
pyrimidine or of pyrimidine for purine. Deletions and insertions are 
less common than nucleotide substitutions. 
Several molecular mechanisms are thought to account for most DNA 
modifications. Mutagenesis can involve either the modification of 
polymerized DNA bases or the substitution into DNA of base analogs 
during polymerization. Chemicals that are reactive with DNA can alter 
bases directly. Nitric acid, for example, can deaminate DNA bases to 
give products that do not base pair correctly in a DNA double helix. 
Free radicals of oxygen have been suggested to cause base modification 
and to drive the high rate of mutation known to occur in mitochondria 
(Brown, 1981). Free radicals of oxygen, produced by radiation or as by­
products of aerobic metabolism, are very common in mitochondria. For 
example, the radiation-damaged base 8-hydroxydeoxyguanosine was assayed 
in rat liver and found in amounts of one molecule per 130,000 bases in 
nuclear DNA, and 1 molecule per 8,000 bases in mtDNA (Richter et al., 
1988). Methylated cytosine residues are subject to deamination, which 
result in a transition of cytosine to thymine. This mechanism forms the 
molecular basis of a "hotspot" for transitions in the lac I of 
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Escherichia coli (Coulondre et al., 1978). Chemical mutagens, sometimes 
synthesized in the liver from carcinogenic precursors, can cause DNA 
mutations by acting as electrophiles that are reactive with nucleotide 
bases. 
The outer and inner mitochondrial membranes have been suggested to 
facilitate entry into mitochondria of lipid-soluble mutagens (Brown, 
1981). The misincorporation of a single nucleotide base during DNA 
replication has been estimated to occur once for every 10^ to 10^^ 
nucleotides encountered (Singer and Kusmierck, 1982). The DNA repair 
and editing functions of mammalian DNA polymerases prevent higher rates 
of error and mass accumulation of DNA variation from base 
misincorporation. The mtDNA polymerase, however, is thought to lack 
repair and editing functions that exist for nuclear DNA, and perhaps 
causes high mutation rates in mtDNA (Brown, 1981). 
Comparisons among species indicate that the mutation rate of mtDNA 
may be 5 to 10 times faster than that of nuclear DNA (Brown et al., 
1979; Brown et al., 1982). The rate of mtDNA sequence evolution seems 
relatively constant among most animal species (Moritz et al., 1987). 
Wallace et al. (1987) determined rates of sequence evolution both for 
mitochondrial and for nuclear genes involved in electron transport and 
found that human and bovine mitochondrial genes sustain 17 times more 
mutations than do nuclear genes. In some cases, however, single-copy 
nuclear (SCN) genes vary in mutation rate (Britten, 1986) making the 
calculated ratio of mutations between mtDNA and SCN genes highly 
dependent on the nuclear mutation rate. For protein-coding genes of 
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mtDNA, variation is mostly from nucleotide substitutions at silent codon 
positions, whereas rates of amino acid-altering substitution are similar 
to nuclear DNA (Brown and Simpson, 1982). In Drosophila, rates of 
mitochondrial and nuclear base substitution seem similar, and Powell et 
al. (1986) suggest that ratios of mitochondrial and nuclear mutations 
should be compared with caution across species. 
Among vertebrates, mtDNA transitions outnumber transversions 
(Hixson and Brown, 1985), and this difference is greatest in closely 
related species (Greenberg et al., 1983) and least in more distantly 
related species (Brown et al., 1982; Kocher et al., 1989). Brown et al. 
(1982) suggested that nonrandom mutation rather than selection for 
particular genotypes accounts for the greater frequency of transitions. 
The rate of mtDNA mutation has been estimated for several species. In 
humans, the mutation rate averaged over the mtDNA genome is 0.5% to 1.0% 
per 10® years (Brown et al., 1979), whereas estimates for the D-loop 
control region considered alone are 1.5 to 2.0 times greater (Cann et 
al., 1984). In some species, mtDNA evolves so rapidly that multiple 
substitutions can occur at the same site even in closely related genera 
(Brown et al., 1979; Miyata et al., 1982). 
If an estimate of mtDNA mutation rate is known for a species from 
calibration with paleontological evidence and if the mutation rate is 
constant over time, the frequencies and locations of mtDNA nucleotide 
substitutions can furnish estimates of time since mtDNA divergence. 
Assumptions required are that the rate of mtDNA mutation is constant 
over time and that no variation within an organism (heteroplasmy) 
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exists. MtDNA has been used as a "molecular clock" to calibrate the 
time since divergence of species from single cytoplasmic sources (Avise, 
1986). For humans, such lineages were constructed and used to infer the 
mtDNA genotype of an ancestral "Eve" who existed 180,000 to 360,000 
years ago (Cann et al., 1987). This approach was used also by Hixson 
and Brown (1985) to calibrate degrees of relatedness among primates. 
In a study of inbred and wild-type mice, Ferris et al. (1982), 
using RFLP analysis, determined that most common laboratory strains of 
inbred mice share a common mtDNA genotype and probably arose from a 
common female or maternal lineage genetically different from most 
strains of wild mice. Watanabe et al. (1985b) compared several breeds 
of Japanese cattle with European cattle and found the mtDNA to be 
different. An RFLP analysis of mtDNA from pigs of Asian and European 
descent revealed mtDNA polymorphisms, but suggested that common genetic 
roots of the breeds existed (Watanabe et al., 1985a). Together, these 
studies show that molecular analysis of mtDNA variation provides a 
useful tool for the determination of breed and species origins. 
Mitochondrial DNA insertion, deletion, and rearrangement 
Length variations up to 26 kbp occur in the mtDNA of nematodes 
(Powers et al., 1986) and amphibians (Wallis, 1987). Duplication of 
sequences is one mechanism of length variation in amphibians and 
reptiles (Wong et al., 1983). A radical deletion--that of the entire 
protein reading frame of ATPase subunit 8--was reported by Wolstenholme 
et al. (1987) for the nematode Ascaris, which is the only animal known 
to have less than 13 mtDNA reading frames. These length variations 
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contrast with the relatively uniform genome sizes, identical gene 
orders, and uniformity of function among coding regions of mammalian 
mtDNA (Sederoff, 1984). 
Radical length variants are rare in mammals, although two related 
mice were found to have deletions of 5 kb in protein- and tRNA-coding 
regions (Boursot et al., 1987). Moderate length variants, in contrast, 
have been found in many mammals (Cann and Wilson, 1983; Hauswirth and 
Clayton, 1985; Wrischnik et al., 1987) and usually are in the D-loop 
control region or in the vicinity of the light strand replication 
origin. Usually, these consist of homopolymer tracts or repeats of 
lengths less than 10 bp. 
Length variants of less than 10 bp, composed of variable-length 
homopolymer tracts, are involved in high-frequency heteroplasmy, or 
mtDNA variation within an animal (Laipis et al., 1988). In a poly 
G/poly C region in the bovine D-loop region adjacent to tRNA^^®, 
insertions/deletions sufficient to generate from 9 to 19 consecutive GC 
pairs were detected. To determine whether this regional 
expansion/contraction was induced by the bacterial cloning system rather 
than in the animal, cultures of D-loop clones were serially transferred 
and to 50 times. The results revealed that insertions/deletions could 
be induced by the Escherichia coli host (Hauswirth et al., 1984). The 
authors proposed that replication slippage of the mtDNA polymerase could 
account for length variability of the poly G/poly C region, and length 
heterogeneity could be in constant flux within an animal, a cell, or 
even in bacteria during cloning. A molecular model for replication 
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slippage has been described that accounts for insertions/deletions in 
nuclear DNA of animals and of bacterial chromosomal DNA (Levinson and 
Gutman, 1987). 
An alternative mechanism to explain insertions/deletions is 
homologous recombination between mtDNA molecules and the subsequent 
replication of recombinant daughter strands. Neither this mechanism nor 
replication slippage can explain the presence of finite limits on 
lengths of homopolymer regions described to date. Because recombination 
or replication slippage among longer poly G/poly C stretches would be 
predicted to occur occasionally, homopolymer runs of 20 to 30 bp or more 
should be present in mtDNA of animals. Homopolymer variants of this 
length have never been detected. A poly G/poly C region of variable 
length implies that there is no rigid selection among the lengths of 9 
to 19 bp found in cattle. If much longer sequences are generated by 
recombination or replication slippage in vivo, however, those strands 
could be unsuitable for replication because of interference with control 
elements near the replication origin. Hence, mtDNA homopolymer variants 
of large size would not be replicated and would escape detection. 
Experiments with long homopolymer size variants in replication and 
transcription assays in vitro could answer these questions. 
Insertions and deletions, though rarer than nucleotide 
substitutions, exist in mtDNA. A common mechanism of insertion and 
deletion in chromosomal DNA is by homologous recombination. Such a 
mechanism requires that homologous sites be present in the same cell 
compartment for recombination to occur. This condition is fulfilled in 
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two ways by mtDNA. First, because there are multiple copies of mtDNA in 
mitochondria, there are homologous sites as candidates for 
recombination. Second, some sequences of mtDNA are repeated several 
times in the D-loop region (Anderson et al., 1982), which makes these 
sequences potential candidates for DNA recombination. Evidence of mtDNA 
recombination or rearrangement has been reported for CnemLdophorus 
lizards (Brown and Wright, 1979). 
Mitochondrial heteroplasmv in animals 
An organism that receives mutation in mtDNA must, at some point, be 
heteroplasmic or possess more than one mtDNA genotype. Furthermore, 
variation will exist in mtDNA between the tissues of the organism in 
which the polymorphism arises. MtDNA variation among tissues exists in 
cases of tissue-specific mitochondrial myopathy of humans. In 
mitochondrial retinopathy, a single point mutation that constitutes the 
genetic lesion has been detected in neural tissue but not in other 
tissues (Wallace et al., 1988). In a form of skeletal muscle myopathy, 
the deletion of a large segment of mtDNA results in the affliction of 
specific muscles, but there is no deletion of mtDNA in blood leukocytes 
(Holt et al., 1988). Thus, among tissues within an organism, a genetic 
mosaic of mtDNA genotypes is possible, but mechanisms for the generation 
of mosaic genotypes are unknown. 
There is evidence for the coexistence of different mitochondrial 
genomes within a specific tissue type. In protozoans, heteroplasmy can 
be propagated to daughter cells via cytoplasmic partitioning at cell 
division (Morin and Cech, 1988). Upon partition of the cytoplasm, a 
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random sample of cell mitochondria and their DNA is passed to daughter 
cells. This partitioning, if it exists in mammalian cells, makes it 
likely that mtDNA variation would exist among mitochondria within a cell 
or even within a single mitochondrion. More sensitive measurement of 
cell mtDNA genotype through the use of heat-stable DNA 
polymerase/thermocycling protocols (Saiki et al., 1985) may yield 
information on heteroplasmy within individual cells or their 
mitochondria. 
Several observations suggest that heteroplasmy is common in 
animals. Three genotypes of mtDNA were isolated from rats in which a 
variable number of T residues existed between the tRNA^^^® and tRNA^^^ 
genes (Brown and DesRosiers, 1983). In one individual, however, 
homopolymer tracts of 6 and 7 T residues were found; these probably did 
not arise during cloning because the faithful replication of either 6 or 
7 T residues was reported after further subcloning. Laipis et al. 
(1988) described a homopolymer tract that varied in length within an 
individual Holstein cow. 
Molecular distribution of mtDNA variation 
Heterogeneous distribution of variable sites among mtDNA genes has 
been observed in many organisms (Cann et al., 1984; Fauron and 
Wolstenholme, 1976; Upholt and Dawid, 1977). Most nucleotide 
differences between distantly related species are transversions, and 
these substitutions frequently cause amino acid changes. For closely-
related species, nucleotide differences accumulate most rapidly in 
noncoding regions and in codon positions that do not cause amino acid 
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replacement, and most variation is in the D-loop control region (Brown, 
1985). 
The D-loop control region of mtDNA is the most variable span of 
mtDNA in most animals studied. It is variable in base composition and 
length, and ranges from 879 bp in mice (Bibb et al., 1981) to 2,135 bp 
in Xenopus (Roe et al., 1985). The D-loop control region is also 
variable within species (Aquadro and Greenberg, 1983; Fauron and 
Wolstenholme, 1976). 
Although the D-loop control region seems to diverge at faster 
rates than does the rest of the genome, the region seems to evolve 
within species at the same rate as do other regions of mtDNA, suggesting 
the presence of species-specific structures in the region (Greenberg et 
al., 1983). In the D-loop region of humans, sites of high nucleotide 
diversity have been described (Aquadro and Greenberg, 1983). 
Saccone et al. (1987) analyzed variation in the D-loop control 
regions of cows, mice, and humans, and subdivided the region into three 
parts to facilitate the analysis. These divisions consisted of the 
left-hand region adjacent to tRNAP^°, the middle region, and the right-
hand region that abuts tRNA^^®. The right-hand region contains the 
heavy and light strand transcription promoters and the origin of heavy 
strand replication. The middle region, about 100 bp in length in 
cattle, has few point mutations and is relatively conserved among 
humans, mice, and cattle. It is GG-rich, has been suggested to have an 
open reading frame, and shares sequence homology with a DNA polymerase 
subunit of cytomegalovirus (Saccone et al., 1987). Very high mutation 
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rates in the right- and left-hand regions of the D-loop suggest a lack 
of selection-induced constraints in these areas. Anderson et al. (1982) 
described 11 blocks of nucleotides in the D-loop region that are highly 
conserved between cattle and humans and nine blocks that are conserved 
among cattle, humans, and mice. These conserved sequence blocks (CSBs) 
are nearly devoid of nucleotide variation in humans (Greenberg et al., 
1983). The CSBs probably function either as reading frames or as 
regulatory regions in mtDNA replication or transcription. Their 
functions are probably not species-specific because homology is shared 
across mammalian species studied thus far. 
In general, there is no sequence homology between light and heavy 
strand replication origins within a species. Doda et al. (1981), 
however, described tRNA-like secondary structures at the heavy strand 
replication origin. The heavy and light strand replication origins have 
similar stem-loop structures in humans, mice, cattle, and frogs 
(Cantatore and Saccone, 1987). Thus, conservation of stable secondary 
structure has occurred at both replication origins despite extensive 
variation in primary sequence and suggests stem-loop involvement in 
mtDNA replication. Further secondary stem-loop structure is found at 
the D-loop 3' end that contains termination-associated sequences (TAS) 
(MacKay et al., 1986) which are sites of premature termination of heavy 
strand synthesis during replication (King and Low, 1987a). This TAS-
associated termination process generates the third strand of the mtDNA 
triplex to form the D-loop structure. 
Genes that encode mitochondrial proteins exhibit less sequence 
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variation than D-loop and intergenic sequences in comparisons made 
between species. Within species, however, protein genes seem more 
highly variable than previously assumed. Ferris et al. (1983) 
summarized variation in mtDNA genes of mice based on 199 sites analyzed 
by RFLP methods. The variation in protein reading frames was greater 
than for any other region of the mtDNA, including the D-loop region. 
Furthermore, much variation was found in protein reading frames, with 8 
to 20 variable sites found for individual genes. In humans, RFLP 
analysis has revealed a low frequency of point mutations in protein 
reading frames. This rate is 10-fold greater than estimates for human 
SCN DNA (Brown et al., 1979) and half the rate of the D-loop control 
region of mtDNA (Cann et al., 1984). 
The proteins encoded by mtDNA are vital for oxidative 
phosphorylation. The genes in mtDNA are under selection pressure to 
encode protein sequences that permit functional electron transport. 
There exists a prevalence in mtDNA of point mutations that are amino 
acid-neutral and do not affect function of the mature protein (Brown and 
Simpson, 1982). The distribution of nucleotide variation in protein-
coding genes as summarized by Pepe et al. (1983) indicates that codon 
nucleotide patterns are not random; a disproportionate number of codons 
end in A or T. The high frequency of nucleotide substitution in protein 
genes suggests the potential for phenotypic effects of these 
substitutions to be present. 
Less variable are tRNA genes, which are scattered among rRNA and 
protein-coding genes. The tRNAs undergo stem-loop pairing for their 
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function in protein synthesis. Point mutations in the anticodon, 
acceptor stem, or aminoacyl-tRNA synthetase recognition site of tRNAs in 
bacteria can interfere with tRNA aminoacylation and with the alignment 
of aminoacyl-tRNAs in the growing peptide chain (McClain and Foss, 
1988). No example of a mitochondrial tRNA point mutation that causes 
functional differences in an organism has been reported. 
Mitochondrial rRNAs undergo stem and loop base-pairing much like 
tRNAs, and point mutations could conceivably affect the protein 
synthesis capacity of mitochondria. Within species, point mutations 
occur infrequently in mitochondrial rRNA genes, in agreement with low 
rates of nucleotide substitution in nuclear rRNA genes (Hixson and 
Brown, 1985). Cattle may have a relatively high rate of rRNA point 
mutations (Koehler, 1989), in contrast with low rRNA variation in murine 
mtDNA (Ferris et al., 1983). As is the situation for tRNA, no 
functional traits have been associated with variation in mitochondrial 
rRNAs. 
Propagation of mtPNA variation 
Mitochondrial DNA is present in the cell as multiple copies of a 
single molecule rather than as a diploid number of chromosomal units. 
Therefore, segregation of mtDNA copies is random based upon cytoplasmic 
partitioning at cell division. Thus, the propagation of variable mtDNA 
copies to daughter cells is a random process. MtDNA variants must be 
propagated to daughter cells if mtDNA variation is to be heritable. 
Mitochondrial DNA is inherited maternally (Gyllensten et al., 1985) with 
no detectable contribution from the male parent. Nevertheless, mtDNA 
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transmission by the male could perhaps exist if a single copy of mtDNA 
"leaked" into the egg at the time of fertilization. Such paternal mtDNA 
leakage has never been demonstrated, but could account for reports of 
mtDNA heteroplasmy in the literature (Hauswirth et al., 1984; Wallis, 
1987). It seems unlikely, however, that foreign mtDNA would be 
replicated unless sequestered inside mitochondria. Thus, the 
propagation of non-oocyte or male mtDNA seems unlikely. 
Tests for transmission of mtDNA from sperm have been conducted by 
backcrossing mice (Gyllensten et al., 1985) or moths (Lansman et al., 
1983b) of known mtDNA genotype for 10 or 400 generations, respectively. 
In neither experiment was there detectable sperm contribution. The 
sensitivity of detection in the experiment with mice was one molecule of 
leakage in 1,000 matings. A weakness of the mating experiment conducted 
on moths was that reciprocal crosses were not included as controls to 
rule out the possibility of differential survival of the mtDNA 
contributed by sperm in the foreign cytoplasmic environment. 
A mutation that occurs in the egg during or after fertilization 
should be expected to give a mosaic pattern of inheritance to tissues. 
The propagation of a single point mutation or recombinant molecule to 
daughter cells must be by cytoplasmic partitioning, a mechanism invoked 
to account for variation in mtDNA sequence within a maternal lineage of 
Holstein dairy cows (Hauswirth et al., 1984). For the amplification of 
a single variant molecule to become the sole mitochondrial genotype of a 
fully differentiated organism, the DNA mutation must occur before cell 
division begins, the new mtDNA genotype must become the exclusive 
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genotype of its mitochondrion, and the mtDNA genotype must be propagated 
to all daughter cells. Clearly, a more detailed understanding of mtDNA 
transmission genetics is required before the mechanism of polymorphism 
generation and maintenance in mtDNA is understood fully. 
The propagation of organisms more suited for survival under 
selection is thought to be a fundamental driving force of evolution, and 
selection for mtDNA genotypes that support adequate oxidative 
phosphorylation must be very high. Consistent with this view, most 
polymorphisms in the reading frames of mtDNA are neutral with respect to 
selection and cause no phenotypic changes in the animal (Ferris et al., 
1983). Nevertheless, the accumulation of neutral and non-neutral 
mutations contribute to the variation found in mtDNA genotypes. 
Applications of mtDNA variation 
Genotypes of animals in maternal lineages can be determined by 
mtDNA analysis. Kessler and Avise (1985b) applied polymorphism analysis 
to maternal relationships among cotton rats, although animal migration 
can complicate the interpretation of results (Avise, 1986). Brown 
(1980), using average sequence divergence estimates of human mtDNA, 
calculated that a common ancestral mtDNA existed 140,000 years ago. 
Cann et al. (1987) used maximal sequence divergence estimates to 
estimate the common ancestral mtDNA at 360,000 years ago. 
In the determination of microphylogenetic trees from mtDNA data, 
random sorting of genotypes, especially among homopolymer tracts, has 
been a problem (Chapman et al., 1982; Kessler and Avise, 1985a; Wilson 
et al., 1985). Because segregation involves the random sorting of 
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polynucleotide tracts that seem to be generated by a random, stochastic 
process (Laipis et al., 1988), homopolymer sequence variation generated 
in this way can perhaps be ignored in the assembly of population trees. 
Population trees can be confounded by back-mutation where a nucleotide 
site is a labile target for sequence variation. Back-mutation in mtDNA 
has been detected by sequencing (Aquadro and Greenberg, 1983) and by 
RFLP analysis (Lansman et al., 1983a). The presence of labile sites in 
mtDNA of animals makes frequent hits at single nucleotides likely and 
makes the construction of population trees more difficult. 
Geographic origin of animal mtDNA is an important consideration in 
the evaluation of mtDNA genotypes (Avise, 1986), but some species have 
low nucleotide diversity (Cann et al., 1987). Low diversity suggests a 
species bottleneck, a high rate of maternal lineage extinction relative 
to polymorphism, or frequent female dispersal. Avise et al. (1984) 
computed expected rates of maternal lineage extinction based on the 
random loss of female offspring over time. These data illustrated the 
need to consider the attrition of lineages balanced against the creation 
of new lineage genotypes by mutation. Koehler (1989) has reported the 
generation of a point variation and a new sublineage within a larger 
lineage of Holstein cattle. 
Variation introduced into mtDNA can alter the product encoded by 
genes and can alter the phenotype. The mtDNA protein gene products are 
involved exclusively in ATP-generating and respiratory functions of the 
cell. Hence, hereditary respiratory dysfunction indicates the 
possibility of mtDNA involvement in the condition. Furthermore, 
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maternal inheritance of dysfunction strongly suggests cytoplasmic gene 
involvement. Taken together, these criteria have implicated human mtDNA 
in important medical conditions, that include muscular myopathies (Holt 
et al., 1988) and Leber's neuropathy (Wallace et al., 1988). 
Recognition that mtDNA variation causes disease has led to testing for 
the presence of mitochondrial diseases in humans. 
Phenotypic Effects of MtDNA Variation 
Studies in veast 
Evidence for cytoplasmic gene contribution to phenotypic traits 
came from studies in yeast by Ephrussi (1953), who observed non-
Mendelian inheritance of a mutation in yeast that caused the cells to 
become respiration deficient. Subsequent understanding of the role of 
mtDNA in cell function was made largely with respiratory mutants of 
yeast. The recognition of mtDNA and nuclear DNA interaction was made 
possible by delineating enzyme defects in yeast caused both by 
cytoplasmic and nuclear gene mutations (Tzagoloff and Myers, 1986). 
Mitochondrial studies in yeast are excellent examples of the relevance 
of model systems for the resolution of biochemical involvement in 
disease. The application of mtDNA knowledge to human mitochondrial 
disease occurred only when the mechanism of the disease was known and 
when mitochondrial molecular genetics began to be understood more fully. 
In vitro studies 
Studies of mtDNA in cultured cells and in vitro are illustrated by 
experiments by Shew and Breen (1985) and Blanc et al. (1981). In both 
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experiments, mutations in mitochondrial genes important for animal cell 
respiration and for resistance to an inhibitor of mitochondrial 
translation have allowed the expansion of yeast-specific methods to 
animal cell studies. Other studies using cultured cells have shown that 
animal cells made devoid of mitochondria and their DNA survive and 
propagate in culture (Desjardins et al., 1986) but rely on substrate 
level phosphorylation for ATP production. 
Molecular studies, conducted in vitro, have revealed regions of 
animal mtDNA crucial for replication and transcription. Hixson et al. 
(1986) made deletion and substitution mutants in the origin of light 
strand replication and found that replication was relatively unaffected 
by nucleotide substitution in the replication origin itself. A 5-bp 
sequence (3' GGCCG 5') adjacent to a portion of the secondary stem 
structure in the light strand replication origin was mutagenized. It 
was found that modifications in the sequence disrupted replication. 
Furthermore, its function as a signal to switch from RNA to DNA 
synthesis was sensitive to nucleotide substitution. Light strand 
promoter regions from human tissue culture cells with poly G/poly C 
tracts of variable length were equally capable of supporting accurate 
transcriptional initiation in vitro (Hauswirth and Clayton, 1985). 
Thus, functions of noncoding regions in mtDNA are sensitive to 
nucleotide variation in some regions and are tolerant in others. 
The mtDNA polymerases of distantly related organisms, such as 
yeast (Levens et al., 1981), frogs (Wu and Dawid, 1972), rats (Gallerani 
and Saccone, 1974) and humans (Walberg and Clayton, 1983), share similar 
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size, cation requirements, ionic strength optima, and template 
preference. These polymerases, however, recognize mtDNA sequences that 
share little or no sequence homology among them. Fisher and Clayton 
(1985) partially resolved the template-and-species paradox by isolating 
two components required for promoter-specific transcription in vitro. 
One component, the RNA polymerase, is nonfunctional unless mixed with 
the other component, a promoter-specific transcription factor that is 
stronger for light strand than for heavy strand transcription. 
The low degree of nucleotide sequence conservation among 
replication origins and promoter regions (Brown, 1985) suggests that 
mtDNA of one species may not be recognized by RNA and DNA polymerases 
from another species. The non-universality of mtDNA replication and 
transcription factors among species was demonstrated by Leipens and 
Hennen (1977) who found that disruption of cytochrome oxidase activity 
occurred in frog eggs when nuclei from more distant species were 
transferred to heterologous cell cytoplasms. Chang et al. (1985) used 
mtDNA from several species to study the efficiency of transcription by 
heterologous RNA polymerases. Transcription efficiency declined as RNA 
polymerases from less related species were used, suggesting that 
nucleotide sequence is important for recognition, binding, and activity 
by RNA and DNA polymerases. Moreover, there seems to be little 
universality among polymerase binding or recognition sites, suggesting 
that these regions have evolved rapidly. Importantly, degree of nucleic 
acid modification by methylation was not taken into account by these 
experimental approaches and needs to be considered as a plausible 
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regulatory mechanism for mtDNA gene expression as it is for nuclear DNA. 
Disease states dependent on mtPNA 
Recently, maternally-inherited diseases of neuromuscular systems 
have been described that are caused by changes in mtDNA (Holt et al., 
1988; Wallace et al., 1988). In the case of muscle myopathy, deletion 
of a large portion of the gene for NADH reductase subunit I was 
observed, and a single point mutation was found by Wallace et al. (1988) 
to cause a form of human retinomyopathy. Thus, it is clear that 
modification of mtDNA by point mutations or deletions can have profound 
effects on phenotype. 
Maternal genetic effects on animal production traits 
Large numbers of animals and extensive record-keeping systems make 
domestic livestock a valuable pool of phenotypes for the study of 
cytoplasmic gene effects. Dairy cattle are especially well suited for 
cytoplasmic gene studies because there exists a large pool of 
genetically diverse animals, breed registries for many animals are in 
place, an established record-keeping system for production records is 
maintained, large numbers of records are kept on milk production traits, 
basic knowledge of nuclear genetic and environmental contribution to 
milk production is known, and accurate estimates exist of nuclear gene 
transmission by males into the animal population through artificial 
insemination programs. 
Recognizing these advantages, quantitative geneticists have 
attempted to estimate cytoplasmic genetic influence on production 
traits. Bell et al. (1985) suggested that 2% of variation in milk 
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production and 3.5% of variation in milk fat concentration are explained 
by cytoplasmic genetic components. Huizlnga et al. (1986), with a 
similar approach, estimated that 10% of variation in milk fat and 
protein production is contributed by cytoplasmic genes and that a 
significant component of reproductive performance was inherited 
cytoplasmically. Reciprocal crosses of Holstein and Ayrshire cattle led 
to females from Ayrshire dams that produced more milk and fat than 
did females from Holstein dams (McAllister, 1986). The F^ data 
suggest that maternal inheritance, possibly mitochondrial, could 
contribute to the superiority of Ayrshires as dams. Kennedy (1986), 
however, in a simulation study, concluded that variation attributed to 
cytoplasmic effects could not be distinguished from nuclear gene effects 
that were unaccounted for in the mathematical model that they used. 
Using field production data. Reed and Van Vleck (1987) found no evidence 
of cytoplasmic effects. The use of different statistical models by 
groups that relate maternal lineage effects to production traits could 
account for conflicting conclusions drawn from production data. 
Mitochondrial Genetics in Cattle 
Origins and maternal sources of cattle 
The origins and history of domestic animal species are poorly 
understood, especially considering the key role that livestock have had 
in human civilization. Nevertheless, anthropological evidence shows 
that cattle have been domesticated since approximately 7,000 B.C., based 
on animal skeletal remains recovered from human dwelling sites in 
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western Asia (Zeuner, 1963). 
Cattle in Europe are, by one account, thought to have been 
disseminated from origins in the eastern Mediterranean, to central 
Europe, and from there radiating to the remainder of Europe (Zeuner, 
1963). Based on phenotypic differences, modern cattle belong either to 
the species Bos taurus (European cattle) or to B. indicus (Indian, 
tropical, or Zebu cattle). Until the middle ages, B. primigenius, or 
aurochs, lived undomesticated in Europe. Darwin (1868) treated B. 
indicus, taurus, primigenius, frontalis, and longifrons as separate, 
distinct species on the basis of skeletal differences in bones excavated 
from neolithic dwelling sites in Europe. The original wild cattle of 
Europe, or B. primigenius, are the only cattle remains recovered from 
human dwelling sites older than about 3,000 B.C. The sudden appearance 
of smaller cattle in dwelling sites after 3,000 B.C. was interpreted for 
many years as evidence for other species of cattle, B. longifrons and 
frontalis (Zeuner, 1963). The more recent interpretation is that 
longifrons and frontalis are domesticated descendants of B. primigenius. 
Currently, these species are classified together as descendants of B. 
primigenius primigenius (Clutton-Brock, 1981). Another subspecies, B. 
primigenius nomadicus, seems to have given rise to B. indicus cattle 
(Clutton-Brock, 1981). Thus, cytoplasmic genes inherited in an unbroken 
lineage until today could conceivably give rise to maternal lineages 
that exist in B. taurus and indicus. 
Other species of Asian cattle that do not seem to share B. 
primigenius as an ancestor are the guar (B. gaurus), banteng (B. 
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Javanicus), kouprey (B. sauvelL), and yak (B. mxitus). Representatives 
of all these species have been domesticated. Fertile crosses among 
cattle groups are difficult and fully fertile crosses are possible only 
between B. taurus and B. indicus. In all other crosses among members 
of the family Bovidae and within the tribe bovinii, female offspring of 
the matings are fertile, but male offspring are sterile (Glutton-Brock, 
1981). It seems likely, therefore, that B. primigenius, now extinct, 
could have contributed to the pool of nuclear and extranuclear genes 
carried of modern cattle. Greater knowledge of gene structure present 
in cattle could be useful for the determination of germplasm sources. 
Transmission genetics of mtPNA in cattle 
Too few studies have been carried out with bovine mtDNA to furnish 
accurate estimates of variation in nucleotide sequence, but comparisons 
of the nucleotide sequence of bovine mtDNA with mtDNA sequences of other 
species have been helpful. For example, bovine mtDNA protein-coding 
genes are 63% to 79% homologous to human counterparts, and most non-D-
loop region variation occurs in the wobble positions of codons (Anderson 
et al., 1982). 
Laipis et al. (1988) have studied mtDNA heteroplasmy and its 
transmission in cattle using a variable length poly G/poly C region as a 
model. Variation in the nucleotide sequence of mtDNA within maternal 
lineages of dairy cows was shown to occur by Hauswirth and Laipis (1982) 
by RFLP analysis of bovine liver mtDNA. Variation within a single 
maternal lineage at nt 351 in the D-loop region was revealed by RFLP 
analysis with Haelll. 
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To date, there are a few studies in which a non-D-loop 
polymorphism for cattle has been described (Watanabe et al,, 1985b; 
Hauswirth et al,, 1984; Koehler, 1989). Koehler (1989), who analyzed 
bovine leukocyte mtDNA, has shown evidence of a polymorphism outside the 
D-loop control region that arose within a bovine maternal lineage, and 
has furthermore pinpointed the source animal of the variation. 
Descendants of a single founding female are expected to share a 
common mtDNA genotype because of cytoplasmic inheritance of mtDNA 
(Avise, 1986). If all cattle descended from a common ancestral female, 
then variation that occurs in mtDNA arose since divergence of the 
founding animal. The information reviewed suggests that variation of 
mtDNA within maternal lineages can arise either by mutation or by 
insertion/deletion. Cytoplasmic partitioning of various mtDNA genotypes 
(Hauswirth et al., 1984) can perhaps give rise to differences in mtDNA 
genotype in a population, or the presence of different genotypes within 
a maternal lineage of animals. 
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Direct recovery of mitochondrial DNA (mtDNA) from isolated 
leukocytes can be achieved by detergent lysis and extraction of mtDNA 
from the cytoplasmic fraction after removal of nuclei. The method 
differs from other approaches in that purification objectives are to 
isolate and discard cell nuclei rather than to extract mtDNA from 
isolated mitochondria. MtDNA thus recovered contains little detectable 
nuclear DNA and is suitable for restriction endonuclease digestion, end-
labeling, and DNA cloning. The isolation of mtDNA in substantial 
amounts from animal leukocytes offers a noninvasive source for the study 
of mtDNA sequences. 
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INTRODUCTION 
The circular mtDNA genome of animal cells is useful for the study 
of evolutionary genetics and population dynamics (Avise et al., 1987), 
disease (Holt et al., 1988), and regulation of transcription and 
replication (Hixson et al., 1986). MtDNA isolation methods generally 
involve mitochondrial isolation by cell disruption, differential 
centrifugation and recovery of mitochondria, extraction of nucleic acids 
from mitochondria, and isolation of mtDNA by ultracentrifugation on CsCl 
gradients (Brown and Vinograd, 1974). An alternative method, 
susceptible to nuclear DNA contamination, is isolation of total nucleic 
acids followed by detection of mtDNA sequences by Southern blotting 
procedures (Holt et al., 1988). Though the mitochondrial isolation 
approach is useful for tissues from which mitochondria can be isolated 
in high yield, these methods have been less effective in our laboratory 
for the isolation of mtDNA from suspended cells. Therefore, we modified 
a nuclei/cytoplasm partitioning method (Hymer and Kuff, 1964) to recover 
mtDNA nearly free of nuclear DNA in amounts sufficient for restriction 
analysis, cloning, and DNA sequencing. 
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MATERIALS AND METHODS 
Whole blood (400 ml) from adult and juvenile Holstein cattle was 
drawn by jugular venipuncture and vacuum collection into chilled glass 
bottles into which a 1% volume of 0.5 M EDTA had been added as 
anticoagulant. Whole blood was on ice until leukocyte isolation and 
lysis were performed. Within 4 h of collection, erythrocytes were lysed 
in 2.5 volumes of a solution of 0.155 M NH^Cl, 0.01 M KHCO^, and 0.1 mM 
EDTA (Roos and Loos, 1970). After a 10-min lysis at room temperature, 
the lysate was centrifuged in 1-liter bottles at 3,000 x g for 10 min. 
The leukocyte and platelet pellet was resuspended in 10 ml of lysis 
buffer (10 mM Tris-HCl, pH 8.0, 120 mM NaCl, 50 mM EDTA), transferred to 
15-ml Corex centrifuge tubes, and sedimented at 3,000 x g for 5 min. 
The supernatant was aspirated and the pellet was resuspended and washed 
with lysis buffer, then resuspended in 4 ml of lysis buffer containing 
1% v/v Triton X-100. The cell suspension was mixed by vortexing and 
incubated for 1 min at room temperature to disrupt cell membranes except 
for the nuclear envelope. Nuclei were then sedimented at 8,000 x g for 
10 rain, and the RNA- and mtDNA-rich supernatant was decanted to a clean 
tube, and the samples were centrifuged again to remove residual nuclei. 
After transfer to a clean tube and the addition of 0.05 volumes of 20% 
(w/v) sodium dodecyl sulfate (SDS), nucleic acids were extracted with an 
equal volume of chloroform:isopentanol (24:1) and twice with 
phenol:chloroform:isopentanol (25:24:1) (Maniatis et al., 1982) with 
centrifugation at 8,000 x g for 10 rain. The nucleic acids in the final 
aqueous extract were precipitated with 0.05 volurae of 5.0 M NaCl and 3 
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volumes of ethanol and then cooled at -70° for 30 min. After 
sedimentation at 8,000 x g for 10 min, the RNA/mtDNA pellet was 
dissolved in 350 ul of water, transferred to a microcentrifuge tube, 
washed three times with diethyl ether, re-precipitated with 0.05 volume 
5.0 M NaCl and 3 volumes of ethanol, washed twice in 80% ethanol, dried 
under vacuum, and resuspended in 100 to 200 ul TE (10 mM Tris-HCl, pH 
7.5, 1 mM EDTA). Samples to be end-labeled were digested with 5 units 
of ribonuclease A (Sigma) in 10 mM Tris-HCl, pH 7.5, and 1 mM MgCl2, and 
precipitated with 0.05 volumes NaCl and 3 volumes ethanol before 
labeling. 
Aliquots of the mtDNA preparation were digested either with 
restriction enzymes PstI and Sad for cloning or with Hpall for 
restriction analysis. Hpall digests were end-labeled (Hauswirth et al., 
1987) with [a-^^S]dCTP (Amersham) using the Klenow fragment of DNA 
polymerase I (Promega), and DNA fragments were resolved on 1% agarose 
gels. The gels were dried and exposed to Kodak X-Omat AR film. 
A 4.3-kb Pstl/SacI restriction fragment that contains the 
displacement-loop (D-loop) control region and rRNA genes of bovine mtDNA 
was electroeluted from 0.8% agarose gels and ligated into the multiple 
cloning region of pUCllS or pUC119 phagemid vectors (Amersham). 
Transformed Escherichia coli cells (strain TG-1, Amersham) were plated 
onto Luria-Broth agar plates with ampicillin, and colonies were 
characterized by restriction enzyme analysis of plasmid minilysates 
(Birnboim and Doly, 1979). All recombinant DNA procedures were in 
accordance with NIH guidelines. 
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RESULTS 
MtDNA that was isolated by detergent lysis was of sufficient 
quantity and quality for restriction analysis, cloning, and sequencing. 
Isolated mtDNA and digests with Sad and PstI are shown in Figure 1. 
Restriction digestion yielded bands of 7.0, 5.1, and 4.3 kb, as 
predicted from the published mtDNA sequence of cattle (Anderson et al., 
1982). Comparisons of band intensity with standards in Figure 1 and 
from other isolations have allowed us to estimate a mtDNA yield of 1.8 
ug (standard deviation =0.5 ug) of mtDNA per 400 ml of whole blood. 
Figure 2 shows mtDNA that was Isolated from bovine leukocytes, 
digested with Hpall, end-labeled, and resolved on 1% agarose gels. Lane 
comparisons reveal a polymorphism in mtDNA from one animal (lane 4). 
The quantity of mtDNA is sufficient to perform 30 or more restriction 
digests and end-labeling assays from 400 ml of blood. 
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Figure 1. Electrophoretic analysis of undigested mtDNA (Lanes 1,3,5) 
and of mtDNA digested with PstI and Sad (Lanes 2,4,6), 
resolved on 0.8% agarose and stained with ethidium bromide. 
Molecular weight standards in lane S (in kilobase pairs) are 
an EcoRI/Hindlll digest of bacteriophage lambda DNA 
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Figure 2. Electrophoretic analysis of bovine mtDNA isolated by the 
method described and end-labeled with [a- S]dCTP. Labeled 
mtDNA was separated on 1.0% agarose gels which were dried and 
autoradiographed. Lanes 1 through 5 refer to different 
animals. The arrow indicates a DNA polymorphism mapped to nt 
363 of bovine mtDNA (Anderson et al., 1982). Size standards 
in lane S (in kilobase pairs) are end-labeled Hindlll 
fragments of bacteriophage lambda DNA 
57 
DISCUSSION 
Detergent lysis of suspended cells gives direct recovery of the 
mtDNA genome from leukocytes and differs conceptually from other 
methods. Specifically, the objectives are to isolate intact nuclei, 
then recover mtDNA and cytoplasmic RNA from the extranuclear fraction. 
We have found several steps important for successful isolation. 
Rigorous centrifugation of nuclei and the conservative removal of 
supernatant ensures minimal nuclear DNA carryover. A preliminary 
nucleic acid extraction step with chloroform removes much non-nucleic 
acid material before phenol/chloroform extraction. Finally, SDS re-
addition at each phenol/chloroform extraction enhances recovery. 
Other methods of mtDNA recovery rely chiefly on isolation of 
mitochondria and subsequent extraction of mtDNA from the mitochondria. 
Our method yields sufficient mtDNA for restriction digestion and 
analysis either by staining with ethidium bromide (Figure 1) or by end-
labeling the DNA with [a-^^S]dCTP (Figure 2). Furthermore, mtDNA 
cloning can be performed without ultracentrifugation on CsCl gradients, 
and this has allowed us to isolate and clone the D-loop-containing 
region of mtDNA from blood leukocytes of more than 90 cattle. Besides 
restriction analysis of mtDNA from blood leukocytes, we have extended 
the scope of the method to isolation of mtDNA from MDBK cells (Madin-
Darby bovine kidney cells) and from suspensions of mouse hepatocytes 
obtained by collagenase digestion (data not shown). 
Our procedure could be used to study mitochondrial gene expression 
and copy number regulation, DNA modification by methylation or chemical 
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damage, and effects of DNA modification on mtDNA transcription and 
replication. Finally, 400 ml of blood yields ample mtDNA for 
restriction digestion and analysis by ethidium bromide staining or by 
end-labeling and autoradiography. Amounts as small as 50 ml of whole 
blood have yielded sufficient mtDNA for several restriction digests and 
analysis by end-labeling. We found this technique to be of value for 
direct assay of mtDNA heteroplasmy in maternal lineages of cattle known 
to vary in mtDNA genotype (Koehler, 1989). This method provides an 
alternative to other mtDNA isolation procedures and to Southern blotting 
with total cell DNA for the molecular characterization of animal mtDNA. 
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SECTION II. MITOCHONDRIAL DNA SEQUENCE HETEROGENEITY IN THE 
DISPLACEMENT-LOOP REGION REVEALS TWO MAJOR 
MITOCHONDRIAL GENOTYPES IN CATTLE 
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ABSTRACT 
Mitochondrial DNA (mtDNA) that included the displacement-loop CD-
loop) region from 38 maternal lineages of Holstein cattle was isolated, 
cloned, and the nucleotide sequence of the 910-bp D-loop region was 
determined. Nucleotide sequence analysis of the light strand revealed 
48 sites of nucleotide substitution, one deletion site, and two 
variable-length poly G/poly C regions. Nucleotide diversity calculated 
from nucleotide substitution data in the D-loop region was 3.8 x 10"^. 
Transversions accounted for 10 of the 48 nucleotide substitutions 
observed. The high incidence of transversions suggests that either a 
novel mechanism exists for bovine mtDNA nucleotide substitution or that 
the Holstein maternal lineages examined are evolutionarily old. Many 
nucleotide substitutions were found in the conserved sequence blocks 
(CSBs), but no variation was found in the central GC-rich region from nt 
16,142 to 16,202. Phylogenetic trees based on nucleotide substitution 
data were constructed and revealed two major mtDNA genotypes present in 
Holstein cattle. These data suggest the presence in bovine mtDNA of 




The mitochondrial DNA of metazoans is a closed circular molecule 
about 16,000 nucleotides in length. It is inherited cytoplasmically and 
encodes key components of electron transport and ATP synthesis 
(Tzagoloff, 1982). The entire nucleotide sequence for bovine 
mitochondrial tRNAs (22), rRNAs (2), mRNAs (13), and the noncoding D-
loop region are known (Anderson et al., 1982). The D-loop region 
contains transcriptional promoters for heavy and light mtDNA strands and 
the origin of heavy strand replication (Clayton, 1984). The bovine D-
loop region, 910 nucleotides (nt) in length, is a region of transient 
triplex strandedness. 
The nucleotide sequence of the D-loop region is variable both 
within (Aquadro and Greenberg, 1983) and between species (Saccone et 
al., 1987). This variability has been used to estimate genetic 
relatedness of humans (Cann et al., 1987), primates (Brown et al., 
1982), mice (Ferris et al., 1983), and other species. Variability also 
exists in the nucleotide sequence of bovine mtDNA (Hauswirth and Laipis, 
1982; Watanabe et al., 1985; Koehler, 1989). Furthermore, the D-loop 
region is variable within maternal lineages (Laipis et al., 1988; Olive 
et al., 1983; Koehler, 1989). 
Cattle are widely distributed and are phenotypically diverse. 
Phenotypic differences among breeds of cattle have led to the 
maintenance of these breeds with little interbreeding. For some breeds 
of cattle, pedigree information has been recorded for hundreds of years. 
Thus, cattle are available and potentially useful for studies of 
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population genetics, including those that involve mtDNA. 
Non-nuclear inheritance, probably mediated through mtDNA, may 
contribute to several quantitative traits of dairy cattle (Bell et al., 
1985; McAllister, 1986; Huizinga et al., 1986). To evaluate these 
claims critically, it seams necessary to determine the kinds and extent 
of nucleotide variation that exists in the mtDNA of dairy cattle. 
Specifically, the objective was to determine the nature and distribution 
of nucleotide sequence variation In the D-loop region of mtDNA in 
Holstein cattle. 
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MATERIALS AND METHODS 
Holstein cattle were members of a herd that was formed in 1968 
from foundation females chosen from 38 dairy herds. Most animals were 
registered with the Holstein Association (Brattleboro, Vt.), and 
pedigree information was available back to about 1885. All cattle were 
traced to their earliest origins in the Holstein Herdbook through 
maternal lineage pedigrees (Chenery, 1885). 
Blood samples were drawn by jugular venipuncture from female 
cattle that ranged in age from three months to eight years. MtDNA was 
isolated by hypotonic lysis of erythrocytes, detergent lysis of 
leukocytes, and removal of nuclei by centrifugation (Lindberg, 1989). 
MtDNA (0.5 ug) was digested with restriction endonucleases PstI and 
Sad. The 4.3 kb Pstl/SacI fragment that contained the D-loop region, 
12S and 16S rRNA genes, and tRNA genes tRNAP^°, tRNA^^®, tRNA^^^, and 
tRNA^®" was excised from 0.8% agarose gels following preparative gel 
electrophoresis. The fragment was ligated into the multiple cloning 
site of pUCll8 or pUC119 plasmids (Amersham). Ampicillin-resistant 
clones were grown and plasmid DNA was isolated by minilysate preparation 
(Birnboim and Doly, 1979) and digested with EcoRI to verify the presence 
of the mtDNA insert. Single-stranded DNA was prepared by growth of 
recombinant plasmid-containing cells and infection wii!h helper phage 
M13-K07. Nucleotide sequencing was performed by dideoxy chain 
termination using [a-^^S] dATP (Sanger et al., 1977). Oligonucleotide 
primers for sequencing reactions were designed to prime at intervals of 
about 200 bp in the D-loop region and in both orientations. 
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Electrophoresis of fragments was performed on 6% polyacrylamide gels. 
Gels were dried and exposed to Kodak X-Omat AR film. 
Total or partial nucleotide sequences were determined for 94 D-
loop regions from 38 maternal lineages. Sites of nucleotide variation 
were compared with the published bovine mtDNA sequence (Anderson et al., 
1982). All numbering assignments correspond to those in the published 
sequence. For 27 maternal lineages, at least two and as many as eight 
animals per lineage were sampled for D-loop sequencing. The purpose of 
multiple sampling from maternal lineages was to verify nucleotide 
sequences and to monitor sequence variation within lineages. 
Frequencies of variation in nucleotide sites were calculated on a 
maternal lineage basis because the lineages and not individual animals 
were sampled. Phylogenetic trees were constructed using parsimony 
analysis, and nucleotide diversity was calculated as the average number 




Types of Nucleotide Variation 
D-loop region sequences were compared across maternal lineages to 
reveal sequence diversity more vividly (Figure 1). Because most 
nucleotide substitutions occurred relatively infrequently, nucleotide 
differences were detected easily. No sequence rearrangements or 
recombination were observed. A 9-bp deletion from nt 15,891 to nt 
15,900 was found in one lineage (Table 1), and the deletion matches 
eight of nine bases in a portion of termination-associated sequence 1 
(TAS-1) of cattle (MacKay et al., 1986). Insertions/deletions were 
found in poly G/poly C regions of 6 and 12 bp beginning at nt 216 and at 
nt 351, respectively. The sequence at nt 216, from 6 to 8 bp in length, 
was invariant within maternal lineages, whereas the 12-bp sequence was 
variable within lineages with a mean difference between maternal 
relatives of 1.07 bp (SD = 0.74 bp). The 12-bp poly G/poly C sequence 
was flanked by transversions of G-to-C at nt 351 (one lineages) and of 
C-to-G at nt 363 (13 lineages). The presence of transversions at nt 351 
and nt 363 suggests their involvement in the mechanism that regulates 
the variable length of the 12-bp GC region. This is because the 
transversions that flank the 12-bp GC sequence cannot be discerned 
clearly from insertions/deletions that also occur in the region (Figure 
2 ) .  
If mutation and not insertion/deletion is responsible for the GC 
transversion at nt 363, then a population of poly G/poly C sequences in 





Figure 1. Comparative nucleotide sequencing of the D-loop 
region of Holstein ratDNA. Lanes 1, 2, 
and 3 represent different cattle. Arrows identify 
nucleotide sequence differences between cattle. 
Nucleotide numbers (nt) refer to the numbering 
assignment of bovine mtDNA by Anderson et al. 
(1982) 
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Table 1. Summary of nucleotide variation in the D-loop 
region of mtDNA in 38 maternal lineages of 
Holstein cattle 
Category Event' n 
Deletion/insertion 





10-16 GC pairs 













^nt = nucleotide. 
^Number of different kinds of events that were 
found in each category. 
those without the transversion. This is not the case for the nt 363 
transversion because the number of GC pairs in the poly G/poly C region 
does not vary according to the base present at nt 363 (Table 2). The 
frequency of transversion at nt 351 in the lineages sampled is too low 
to make a statistical inference for that site. 
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Characterization of Nucleotide Substitutions 
Forty-eight nucleotide substitutions occurred in D-loop sequences 
from 94 animals. Of these, 38 were transitions (Table 1). Four of the 
48 nucleotide substitutions, at nt 16,074, 16,231, 16,250, and 363, have 
been observed in other Holstein cattle (Olivo et al., 1983) The 
frequencies of individual transitions and transversions were calculated 
(Table 3). The high number of transversions relative to transitions is 
surprising, and the absence of C-to-A and G-to-T transversions is 
noteworthy (Table 3). 
Occurrences of nucleotide substitutions in 27 maternal lineages 
were calculated (Table 4). Occurrences range from 1 to 14 lineages with 
a mean of 2.38 substitutions per lineage (SD - 3.06). The most frequent 
sites were nt 169 (14 lineages) and nt 363 (12 lineages). 
Nucleotide substitutions across the D-loop region seem to be 
clustered (Figure 3). Blocks of frequent nucleotide substitution are 
from nt 16,049 to nt 16,141 and from nt 16,238 to nt 8. Areas with few 
substitutions are the GC-rich region from nt 16,142 to nt 16,202, nt 
15,792 to nt 15,892 adjacent to tRNA^^®, stretches near the promoters 
for both strands, and the vicinity of the heavy strand replication 
origin (Oriy) from nt 9 to nt 350. The distribution of nucleotide 
substitutions is nonrandom by Chi-square analysis of expected intervals 
between substitutions when compared with the assumption of random 
distribution of nucleotide substitutions (X^ = 110, 47 df, P<.01). The 
nonrandom distribution seems to be from clustering of adjacent 

















Figure 2. Site of bovine intDNA involvement in two 
transversions and insertions/deletions. 
The letters L and H refer to the light and heavy 
strands, respectively, of bovine mtDNA. At nt 
351, transversion of C to G on the light 
strand causes the deletion of a Haelll site. 
At nt 363, transversion of G to C on the 
H strand causes the creation of a new Hpall 
site 
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Table 2. Association of a transversion at nt 363 with 
the variable-length polynucleotide GC region 
Base present 
at nt 363 
Nucleotides 
in region Range 
Guanine 12.87 11-16 
0.34 <.20 
Cytosine 13.14 11-15 
^Pooled standard deviation. 
^Probability of greater t from t-test. 
or three adjacent nucleotides) and because site substitutions are scarce 
in long tracts of DNA. 
Nucleotide substitutions occurred frequently in the D-loop 
structure of triplex strandedness as mapped by King and Low (1987) from 
nt 15,961 to nt 158 (Table 6). Of 25 nucleotide substitutions that 
occurred in this region, 17 were A-to-G transitions (heavy strand). 
on the light strand. In a smaller tract, from nt 16049 to nt 16141, 
twenty substitutions spanned a region of 53 bp, and half were transitions 
of T-to-C (light strand, A-to-G on the heavy strand. Table 4). 
Conserved sequence blocks (CSBs) are stretches in the D-loop region 
that seem to be similar in mice, humans, and cattle. In cattle, these 
blocks contain more nucleotide substitutions than expected for the region 
as a whole. The the same calculation for human mtDNA shows that 
substitutions occur at rates similar to the entire D-loop region (Table 
5). 
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Table 3. Nucleotide substitutions in the light strand of 
the D-loop region of bovine mtDNA^ 
Nucleotide introduced 
Nucleotide 
replaced G A T Ç Total 
G 7 0 2 9 
A  5 - 1 3  9  
T 1 2 - 16 19 
C 1 0 10 11 
^The numbers in each cell of the table are the number 
of times each type of nucleotide substitution occurred. 
The data are pooled from sequence determinations made on 
cattle from 38 maternal lineages. 
Patterns of Base Substitution 
No preference of bases for use as targets for nucleotide 
substitutions (substitution bias) was observed, but cytosine seemed 
favored as the base introduced into the light strand sequence (Table 3). 
Furthermore, there is a bias toward pyrimidine introductions over purine 
introductions. Nucleotide substitution bias has been reported for human 
mtDNA as an over-representation of G as the substituting nucleotide in 
the heavy strand (C in the light strand, Aquadro and Greenberg, 1983). 
Nucleotide substitution in the D-loop region of rats (Brown et al., 
1986), humans (Aquadro and Greenberg, 1983), and cattle (this 
dissertation) were summarized (Table 7). A pooled Chi-square analysis 
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Table 4. Occurrence of nucleotide substitutions in the D-loop 
region of the light strand of intDNA in 27 maternal 











































^Position in the nucleotide sequence according to 
Anderson et al. (1982). 
^Other sites of nucleotide substitution observed but not 
confirmed for more than one animal per maternal lineage by 
nucleotide sequencing or restriction fragment length 
polymorphism (RFLP) analysis were: 
15,893TA, 15,895AC, 15,947TC, 15,976TA, 16,016TC, 16,050CT, 
16,058CT, 16,062AG, 16,111AC, 16,135TC, 16,203AC, 16,249AT, 
16,252GA, 16,256TC, 16,265CT, 16,267TC, 16,302GA, SGA, 
173AG. 
'^Specific nucleotide substitution where the first letter 
indicates the nucleotide replaced, the second letter shows the 
nucleotide introduced, and the presence of an asterisk indicates 
indicates a nucleotide transversion at that site. 
^Number of maternal lineages in which the nucleotide 
substitution occurs among 27 maternal lineages in which the 
D-loop regions of two or more animals per lineage were 
sequenced, or sequences were confirmed by RFLP analysis. 
74 
Table 4 (continued). 
Nucleotide 
Site*'b Event^ Occurrence^ 
Variation in 
Maternal Lineage 
16,247 CT 3 none 
16,250 AG 2 none 
16,301 CT 1 none 
16,316 TC 1 none 
6 TG* 1 none 
7 GA 1 none 
106 TC 2 none 
169 AG 14 none 
351 CG* 2 none 
363 GC* 12 + 
across species shows that adenine is under-represented (P<.05) as a 
target for nucleotide substitution on the light strand (thymine on the 
heavy strand). 
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Table 5. Chi-square analysis of nucleotide substitutions in 
the conserved sequence blocks of bovine mtDNA^' 
Cattle Human 
Block Observed Exnected^ Observed Exoectf 
A 2 .84 1 .91 
B 0 1.05 0 1.13 
C 4 1.48 0 1.59 
D 2 1.33 1 1.42 
E 1 2.08 0 2.21 
F 0 1.49 1 1.59 
G 3 1.01 2 1.08 
H 1 1.07 0 1.13 
I 3 .96 2 1.02 
J 0 1.23 0 1.30 
K 0 1.07 3 1.13 
^Blocks of conserved nucleotide sequence as defined by 
Anderson et al. (1982). 
^Chi-square statistics calculated for cattle and human 
CSBs are, respectively, - 19.91, 10 df, P <.025; 
= 12.52, 10 df, P <.25. 
^Calculated as [(number of nucleotides in the 
conserved sequence block) * (number of nucleotide 
substitutions in the D-loop region)]/(nt in the D-loop 
region), assuming 910 nt and 899 bp for the D-loop 
regions of cattle and humans, respectively. 
** * ** * * ** 
ProJ 910 nt D - Loop Region Phe 
15792 16338 / 1 
1 Ph 
242 341 
Figure 3. Distribution of nucleotide substitutions in the D-loop region of Holstein 
mtDNA. Vertical lines indicate the presence of a nucleotide substitution 
at that site. The lower figure indicates the heavy and light strand promoters 
and their location according to the numbering system of Anderson et al. (1982). 
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Table 6. Nucleotide substitutions in the heavy strand loop 
structure of mtDNA in Holstein cattle^' 
Nucleotide Introduced 
Nucleotide 
Replaced G A T Ç Total 
G 6 0 0 6 
A 11 - 0 1 12 
T  0  0 - 2  2  
C 10 4- 5 
^The D-loop structure spans nt 15,961 (5' terminus) to 
nt 158 (3' terminus) of the heavy strand (King and Low, 1987). 
^In each cell of the table are the number of sites at 
which each nucleotide substitution occurred. The data are 
pooled from sequence determinations made on cattle from 
38 maternal lineages. 
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Table 7. Proportions and kinds of heavy strand nucleotide 
substitutions in the D-loop region of mtDNA of 
humans, rats, and Holstein cattle^' 
Nucleotide Introduced^ 
Nucleotide Average 
replaced Soecies G A T C freouencv^ 
G Humans .392 .142 .020 
Rats - .142 .132 .019 0.31 
Cattle 
- .208 0 .021 
A Humans .255 0 0 
Rats .151 - .133 .009 0.31 
Cattle .333 - .042 .021 
T Humans .020 0 _ .176 
Rats .113 .057 - .066 0.21 
Cattle .063 .021 - .104 
C Humans 0 0 .137 _ 
Rats .028 .028 .142 - 0.17 
Cattle .042 0 .146 -
^Data were recalculated from Aquadro and Greenberg 
(1983) for humans and from Brown et al. (1986) for rats. 
^Calculated as the number of nucleotide substitutions 
of the type indicated divided by the total nucleotide 
substitutions in the D-loop region of that animal species. 
'^Calculated as the frequency that a nucleotide site 
is used as a target for replacement, averaged across the 
three species in the table. 
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Phylogenetic Estimates 
Nucleotide sequence data from the 27 maternal lineages described in 
Table 8 were used to construct a phylogenetic tree by parsimony analysis. 
Parsimony analysis yielded a bipartite and unrooted tree based on 
division of the population at nt 169 (Figure 4). The consequence of not 
generating the tree in this way was to force more parallel and convergent 
substitutions into the tree than by allowing the bipartite structure. 
Nucleotide diversity was estimated to be 3.9 x 10-3 substitutions 
per nucleotide and is calculated from comparisons not involving 1) 
insertions and deletions, 2) the variable-length poly G/poly C region 
from nt 352 to 363, or 3) the nucleotide transversion at nt 363 thought 
to be hypervariable in Holstein cattle (Hauswirth and Laipis, 1982; 
Koehler, 1989). Within this herd of Holstein cattle, frequencies of 
nucleotide substitution vary greatly among nucleotide sites. Estimates 
of population diversity based on these substitutions depend greatly on 
the inclusion or exclusion of highly variable sites. 
Table 8. Nucleotide substitutions in the D-loop region of mtDNA across 
maternal lineages of Holstein cattle^ 
Site of Nucleotide Substitution 
ICNJvOr^ONi—Ir-<r>»0r-lv0v0r^v00\i—ICO 
mvocsivtmmr^ooOrHf-HojcvjcNCsjro-cj-cn^j-mOt—J ovomvo 0>avOOOOOOt-<iHrHrHrHi-ir-l»HrHcgC»4CNJcncO r-lrHcncn iDinvOvOVOvOvOvOvOvOvOVOvOvOVOvOVOVDVOVOVOVO f—I rH f—I f-H f—I »—I rH rH t-H fH iH rH rH f—I iH tH i—I r—I i-4 t—I i-H i—I 
t i l l  I  I I I  Maternal Lineages 
13, 80, 81 CAGCTGTTTTTGTTCCTCCACTTGTAGC 
5, 17, 59 - - - - T 
16 — — — — (j — — — — — — — — — — — (j — — — — — — — (j — G 
1 8  T - - - - A - - - - - - - - - - - - -  G  -  G  
22 - G - - -
33, 161, 281 G - -
3 9  - - A T  G  
102 - - - - -CT-- G - G 
110 - - - TCGA---G 
162, 287, 292 ------ x ------ G - G 
240 — — — — — — — — G — G - — — — — — — — — — — — — G — G 
282, 292 -----A---C-C------------CG-G 
307 - - - - - G G G G 
561, 899 ——————G—————C——T———————————— 
^Only sites with nucleotide substitutions are shown. Arrows identify 
substitution sites considered phylogenetically informative. The numbering 





Figure 4. Cytoplasmic gene tree of Holstein cattle. This unrooted 
parsimony network summarizes one possible relationship among 
maternal lineages. Numbers outside circles indicate the 
mtDNA genotype given in Table 8. Numbers inside circles 
indicate number of maternal lineages that have the genotype 
listed. Each arrow represents deduced direction of 
nucleotide substitution. Hypothetical genotypes inferred but 
not in the sample set are indicated by HI and H2. 
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DISCUSSION 
The D-loop region of mtDNA in the Holstein cattle studied is less 
diverse than D-loop regions of other animal species. Several 
explanations could account for the lower diversity of bovine mtDNA. 
First, the cattle that were sampled are genetically similar and all have 
cytoplasmic origins in western Europe. Next, sampling from human and rat 
populations was not done randomly and representatives from different 
races or geographic locations were analyzed. Because of this, diversity 
calculated across races is not directly comparable with diversity 
calculated for a breed within a species. Finally, perhaps bovine mtDNA 
actually is less variable than human and rat mtDNA. 
Stretches of bovine mtDNA vary little whereas considerable variation 
is present in other regions. Transitions are more frequent than 
transversions in the D-loop region of bovine mtDNA as they are in human 
mtDNA (Aquadro and Greenberg, 1983). Cytosine is used frequently as the 
substituting base in bovine and human mtDNA light strand (Aquadro and 
Greenberg, 1983). Saccone et al. (1987) summarized common transitions 
and transversions in the D-loop regions of several species, including 
cattle. C-to-T interconversions and conversions of G to A (light strand) 
are the pathways used most frequently for silent substitutions outside 
the D-loop region (Pepe et al., 1983). Data for cattle (this 
dissertation), for humans (Aquadro and Greenberg, 1983), and for rats 
(Brown et al., 1986) are consistent with these predictions. 
Transversions involving G and C are infrequent in mammalian mtDNA, 
but two G-C transversions in these data flank the 12-bp polynucleotide G-
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C region at nt 351 and nt 363. The presence of transversions at the poly 
G/poly C region of length heterogeneity implicates a common underlying 
mechanism between the transversions and the length heterogeneity 
observed. Variation at nt 363 within a maternal lineage of Holstein cows 
(Hauswirth and Laipis, 1982) and the generalization of intralineage 
variation at nt 363 to more than one maternal lineage (Koehler, 1989) 
suggests that a mutation, replication-associated misincorporation at nt 
363, or the segregation of a mixed population of mtDNA genotypes to 
progeny occurs within maternal lineages. 
Molecular events that could generate and fix transversions in the 
poly G/poly C region of bovine and human mtDNA are not known. The 
hypothesis that slipped-strand mispairing could cause both of these 
events is attractive because bidirectional replication of mtDNA across 
the region can account for the transversions, and perhaps cause 
incorporation or deletion of nucleotides. Longer poly G/poly C runs 
could to be more susceptible to strand-slippage because base-pairs among 
nucleotides in a homopolymer region are thermodynamically equal. The 
number of bases in the 6- to 8-bp region at nt 216 is less variable, and 
conditions less thermodynamically favorable could restrict strand 
slippage. 
A nicking enzyme with specificity for poly G/poly C regions 
(Cummings et al., 1987) may be involved in nucleotide misincorporation 
based on strand-slippage (Koehler, 1989). This nuclease nicks poly 
G/poly C sites at bases near the ends of the polynucleotide run. 
Assuming that nicking occurs in the binding site, nuclease activity would 
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cut outside the binding domain of the shorter 6- to 8-bp stretch at nt 
216. Also, there were no adjacent substitutions near the polynucleotide 
run at nt 216 as there are at nt 351 and nt 363. Finally, there is no 
length variation in two 4-bp and two 5-bp poly G/poly C areas in the 
bovine D-loop region. Thus, these data are consistent with a model of 
polynucleotide slipped-strand mispairing that consists of strand slippage 
during replication, nuclease nicking, exonuclease excision, and 
polymerase repair at high frequency in long poly G/poly C runs (Koehler, 
1989). 
The detection of length variants is made more difficult by 
variability introduced into cloned DNA by hosts capable of base insertion 
and deletion (Hauswirth et al., 1984). DNA polymerase in enzyme-based 
amplification could be susceptible to the same strand slippage proposed 
to occur in vivo. DNA sequencing using single-stranded DNA template 
seems less susceptible to strand slippage because no second strand is 
present to mediate slippage. 
Bias in nucleotide use may cause the high rate of transitions 
relative to transversions in non-D-loop regions of primate mtDNA (Brown 
et al., 1982). The bias against pyrimidines as substitution sites on the 
heavy strand (purine substitution on the light strand), was detected by 
analysis of substitution patterns across three mammalian species for 
which detailed sequence data of the D-loop region exist (Table 7). The 
bias against replacement of thymine on the heavy strand (adenine on the 
light strand) is especially prominent because there is a high percentage 
of thymine in the heavy strand of bovine mtDNA (33% T, 29% A, 24% G, 14% 
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C). Thymine is unique because its amino group is not involved in Watson-
Crick base-pairing. Accordingly, thymine is unaltered by deamination 
that causes mutation by mispairing. If a model of thymine-deficient 
mutagenesis were correct, the D-loop heavy strand would be the specific 
target of mutagenesis. 
Heavy strand replicants, terminated early, displace the parent 
heavy strand of mtDNA to form the D-loop structure. Single-stranded DNA 
is more labile to mutagenesis by deamination and alkylation than is 
double-stranded DNA (Singer, 1982). Moreover, damage cannot be repaired 
while the heavy strand is displaced because of difficulty with nucleotide 
excision and repair in single-stranded DNA, and because no complementary 
strand is present to direct nucleotide-specific repair. Frequent 
mutagenesis and a lack of DNA repair mechanisms suggest that nucleotide 
substitution in the D-loop single-stranded domain should occur more often 
than in the rest of the D-loop region. The concentration of nucleotide 
substitutions on the D-loop structure suggests that single-strandedness 
of the D-loop could cause high mutation rates in the D-loop region of 
cattle. Nucleotide substitutions in the D-loop region of humans and 
rats, however, seem to be less focused on the D-loop single-strand than 
for cattle. The dominance of nucleotide substitution by T-C 
interconversions and the underuse of thymine as a base for replacement in 
the heavy strand suggests a common mechanism for the generation of 
nucleotide substitution in the single-stranded domain. This model of 
strand-specific substitution still does not explain why nucleotide 
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substitution in the entire mtDNA genome is greater than for single-copy 
nuclear DNA. 
The general distribution of nucleotide substitutions in the D-loop 
region of cattle reported here is similar to D-loop substitution patterns 
in humans and rats. Common themes are: 1) The absence of substitutions 
in the first 100 bp of the light strand 5' end, 2) avoidance of 
substitutions in the central GC-rich region common to many mammalian D-
loop regions, and 3) relatively more substitutions in AT-rich sequences 
that flank the central GC-rich region. The inventory of substitutions in 
the D-loop region is too small to rule out other general features of 
nucleotide substitution. 
The high incidence of transversions relative to transitions in 
bovine mtDNA is an important departure from substitution patterns 
observed in other species. A prevalence of transitions over 
transversions (92% transitions) in sequence comparisons among primate 
mitochondrial tRNAs (3) and protein reading frames (2) was described by 
Brown et al. (1982). The authors discounted selection as a fixation 
mechanism because there was a bias toward transitions in both classes of 
genes, and suggested that a bias in the mutation process caused many 
transitions. In a comparison of D-loop regions from five primate 
species, transition/transversion ratios seemed dependent on divergence 
time, and time dependency was attributed to the slow rate of reversal of 
transversion mutations relative to transition mutations. The frequent 
occurrence of transversions in the D-loop of cattle implies either that a 
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novel mechanism generates the transversions or that the maternal lineages 
of cattle analyzed are evolutionarily old. 
Another feature of nucleotide substitution in the bovine D-loop 
region is the similar frequency of nucleotide substitution in CSBs and 
across the D-loop region in total. Olivo et al. (1983) speculated that a 
single nucleotide substitution that they found in a conserved sequence 
block in mtDNA of Holstein cattle indicated that a degree of functional 
neutrality of nucleotide substitutions occurs in CSBs. A high frequency 
of nucleotide substitutions in the CSBs of cattle supports arguments for 
functional neutrality of nucleotide substitution in CSBs. 
A cytoplasmic gene tree assembled by parsimony analysis was 
bifurcated, and the two distinct branches suggest that two major mtDNA 
genotypes exist in Holstein cattle. Considering also the high ratio of 
transversions to transitions in these cattle, the data imply that the 
maternal lineages of Holstein cattle have been independent from one 
another for a long time. At least two forces seem to act toward the 
extinction of maternal lineages of domestic livestock. The first is the 
spontaneous extinction of maternal lineages through random stochastic 
processes shared by all animal species (Avise et al., 1984). 
Superimposed on this background of extinction is human selection and 
amplification of specific lineages of cattle and avoidance of lineages 
considered less desirable. 
Balanced against lineage extinction is the ongoing generation of 
nucleotide diversity in mtDNA. Koehler (1989) demonstrated what seems to 
be the establishment in the past 20 years of a new maternal lineage of 
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Holstein cattle, based on RFLP and nucleotide sequence analyses of mtDNA. 
Additionally, humans maintain distinct groups of cattle, often in 
isolated localities. European breeds of cattle seem genetically distinct 
from one another based on the analysis of transferrin allele frequencies 
(Jamieson, 1966). Genetic isolation of cattle in local areas is 
consistent with the maintenance of relatively few mtDNA genotypes in the 
population of Holstein cattle. 
We observed that, of 27 maternal lineages assumed to be independent 
since about 1885, only 18 genotypes were present. The convergence of 
mtDNA genotypes before the establishment of pedigree records may explain 
why fewer mtDNA genotypes were found than expected. Further examination 
of cattle more geographically and genetically diverse than those examined 
here is needed to establish more fully the maternal heritage and 
evolution of cattle. 
The number and frequency of nucleotide substitutions in the D-loop 
region of mtDNA in cattle may be useful for the assignment of animals to 
maternal lineages based on molecular information. The capacity to assign 
animals to cytoplasmic lineages will permit testing of hypotheses 
concerning the relationship of cytoplasmic inheritance to quantitative 
traits, and to calculate degrees of relatedness and diversity in 
populations of cattle. 
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SECTION III. CLASSIFICATION OF CATTLE INTO CYTOPLASMIC 
LINEAGES USING MITOCHONDRIAL DNA 
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ABSTRACT 
Mitochondrial DNA (mtDNA) from 39 maternal lineages of Holstein 
cows was characterized to assess nucleotide sequence heterogeneity and 
to evaluate mtDNA as a cytoplasmic lineage marker. Fifty-eight sites of 
nucleotide variation were determined by restriction fragment-length 
polymorphism (RFLP) analysis of the entire mtDNA genome and by 
nucleotide sequence determination of the 910-nt (nucleotide) 
displacement-loop (D-loop) region. Of 58 sites, one is highly variable 
within maternal lineages, and another is probably involved in 
hypervariability. Thus, 56 sites were useful for classifying 
cytoplasmic genotypes. The presence of 22 unique cytoplasmic genotypes 
in 33 maternal lineages thought to have independent cytoplasmic origins 
indicates either that the maternal lineages diverged before the origin 
of Holstein pedigree records, or that errors have accumulated in 
pedigree records. Twenty-seven target sites for restriction 
endonucleases were predicted from nucleotide sequence data of the D-loop 
region. MtDNA information, with the exception of sites that are 
variable within maternal lineages, may be used to identify cytoplasmic 
lineages of cattle. 
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INTRODUCTION 
Non-nuclear genes may contribute significantly to quantitative 
traits of milk production in dairy cattle (Bell et al., 1985; Huizinga 
et al., 1986; McAllister, 1986), although there is evidence to the 
contrary (Kennedy, 1986; Reed and Van Vleck, 1987). The demonstration 
of non-nuclear genetic involvement in production traits rests partly on 
at least four assumptions: 1) Statistical models can detect non-
nuclear genetic effects, 2) the non-nuclear genes can be isolated, 
characterized, variability in them can be demonstrated, 3) the non-
nuclear genes can be associated or correlated with quantitative traits, 
and 4) the non-nuclear genes can be used to predict non-nuclear genetic 
contribution to quantitative traits. 
Because mitochondria are transmitted exclusively by the female 
parent, mtDNA is suitable for use as a cytoplasmic marker. MtDNA is 
useful for the study of animal evolution and population biology (Avise 
et al. 1987; Cann et al., 1987; Lansman et al., 1983). 
Nucleotide variation is known to occur in bovine mtDNA from RFLP 
analyses (Watanabe, et al., 1985) and nucleotide sequence determinations 
(Olivo et al., 1983). The transmission of mtDNA in cattle may be 
anomalous because variation within maternal lineages of Holstein cattle 
occurs at one (Hauswirth and Laipis, 1982) or several (Olivo et al., 
1983) nucleotide sites. The nature and frequency of nucleotide sequence 
variation in bovine mtDNA is not, however, as completely characterized 
as that for humans (Aquadro and Greenberg, 1983), rats (Brown et al., 
1986), or mice (Ferris et al., 1983). Furthermore, it is not clear if 
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variation in bovine mtDNA is sufficient for use as a cytoplasmic lineage 
marker. The objectives of this study, therefore, were to determine 
whether mtDNA of cattle is sufficiently variable to merit its use as a 
cytoplasmic marker. 
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MATERIALS AND METHODS 
Registered and grade Holstein cattle were from a herd begun in 
1968 from foundation animals purchased from 38 dairy herds. The I-O-
State herd is part of a selection study that involves the breeding of 
females to sires of high and average genetic merit for milk production. 
Of 79 maternal lineages traced to their earliest origins in the Holstein 
Herdbook (Chenery, 1885), 68 unique founding matriarch females were 
identified for these lineages. The founding females were assumed to be 
from independent maternal lineages. A further assumption, because mtDNA 
is inherited maternally, was that their mtDNA genotypes were different. 
Of the 68 founding lineages present at the establishment the herd, 45 
lineages have survived. 
At least one animal from each of 39 maternal lineages (as traced 
by pedigree analysis) was used for the isolation of mtDNA from blood 
leukocytes. MtDNA was then analyzed by RFLP methods or by DNA 
nucleotide sequencing. MtDNA was sequenced from two to eight cattle per 
maternal lineage to verify the validity of the sequences for 27 of the 
39 maternal lineages. For detailed examination of selected restriction 
enzyme target sites thought to be highly variable, as many as 15 animals 
from a single maternal lineage were sampled and analyzed by RFLP 
procedures. 
Mitochondrial DNA was isolated by detergent lysis, centrifugation, 
and solvent extraction procedures described by Lindberg (1989). 
Aliquots of the nucleic acid preparation were digested with selected 
restriction enzymes for analytical digests of mtDNA, or digested and 
99 
purified in a preparative mode for DNA cloning and sequencing. 
For RFLP analysis, digested mtDNA fragments were labeled with [a-
^^S]dATP or [a-^^S]dCTP (Amersham) with the Klenow fragment of DNA 
polymerase I (U. S. Biochemical) (Hauswirth et al., 1987). End-labeled 
fragments were resolved on 0.8% to 2.0% agarose gels, or on 6% 
polyacrylamide (19:1 acrylamide:bisacrylamide) gels. All gels were 
dried, exposed to X-ray film (Kodak X-Omat AR), and analyzed by 
comparison to restriction patterns predicted from the published bovine 
mtDNA sequence (Anderson et al., 1982). These high-resolution RFLP 
techniques, when based on a known DNA sequence, can be used to resolve 
and map DNA polymorphisms with fragments as small as 50 bp. 
Besides high-resolution RFLP mapping, the nucleotide sequence of 
the 910-nt D-loop control region was determined. For nucleotide 
sequencing, mtDNA was digested with both PstI and Sad (Promega) and the 
D-loop-containing fragment of bovine mtDNA was electroeluted from 
preparative agarose gels according to standard procedures (Davis et al., 
1986). The 4.3-kb fragment was ligated into the multiple cloning site 
of pUCllB or pUC119 phagemid vectors (Amersham). This fragment contains 
the D-loop region, the 12S and 16S rRNA genes, the genes for tRNAP^°, 
tRNA^^®, tRNA^^^, and tRNA^®", as well as a portion of the reading frame 
for NADH dehydrogenase subunit 1. Escherichia coli cells (strain TG-1) 
were transformed with recombinant plasmids by CaCl2-mediated DNA uptake 
(Davis et al., 1986), and transformed cells were plated onto Luria 
broth/agarose and ampicillin. Colonies were grown overnight, and 
plasmids were prepared by the mini-lysate procedure of Birnboim and Doly 
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(1979). The correctness of mtDNA inserts was verified by restriction 
digestion with EcoRI, and resolution was on 0.8% agarose gels. 
Single-stranded DNA was prepared by growth and transfection of 
recombinant phagemid-containing cells with helper phage M13-K07 
according to the supplier's specifications (Amersham). Single-stranded 
DNA isolated by polyethylene glycol precipitation and centrifugation was 
extracted with phenol and precipitated with ethanol. Single-stranded 
DNA was used as template for dideoxy chain-termination sequencing 
(Sanger et al., 1977). Sequencing reactions were applied to 6% 
polyacrylamide gels (19:1 acrylamide:bisacrylamide), which were run 4-6 
h at 1200 volts. Gels were fixed in waterracetic acidrmethanol (18:1:1) 
for 20 min, dried, and exposed to X-ray film (Kodak X-Omat AR) for 24 h. 
DNA sequences were run comparatively and were also compared to the 
complete sequence of bovine mtDNA (Anderson et al., 1982). The 
numbering system of mtDNA is for the light strand, and is adopted from 
Anderson et al. (1982). 
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RESULTS 
Fifty-one sites of nucleotide sequence variation were identified 
by sequencing the 910-nt D-loop region, and 48 of these were sites of 
nucleotide substitution (Table 1). Of 48 nucleotide substitutions , 38 
were transitions (Table 1). These were distributed across the D-loop 
region, with many clustered from nt 16,141 to nt 16,299. 
RFLP analysis of the entire mtDNA genome revealed 11 polymorphisms 
in the same lineages. The RFLP survey mapped six variable sites to the 
D-loop region, three to rRNA genes, and two to tRNA genes. Variable 
sites were found most frequently in the D-loop region, which is 
recognized as the highly variable region of mtDNA (Moritz et al., 1987). 
For 27 maternal lineages, two or more animals were analyzed by 
both RFLP analysis and nucleotide sequencing. Nucleotide differences 
found by RFLP analysis were in agreement with determinations by 
sequencing. The only exception to this agreement was a transversion (C-
to-G) at nt 363 that occurred variably within maternal lineages. 
RFLP analysis with Hpall across and within maternal lineages in over 200 
animals verified that members of 15 lineages out of 39 surveyed were 
variabe at nt 363. 
Results from high-resolution RFLP mapping can be inconclusive if 
the target DNA sequences are modified chemically, for example by DNA 
methylation (Singer et al., 1979). Six RFLP sites in the D-loop region 
were examined both by RFLP and by sequencing analysis. In all cases, 
RFLP analysis detected the nucleotide transitions or transversions 
predicted by sequencing. A nucleotide sequence ladder with cytosine at 
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Table 1. Nucleotide substitution sites in bovine intDNA 
and restriction enzymes that recognize the sites 
Substitution Target 
























































Mbol, Sau3AI GATC 
Mnll ÇCTC 







^Substitution sites numbered according to Anderson et al., (1983) 
^The substituted base and the replacing base, respectively, as 
calculated for the light strand of mtDNA. 
^An asterisk indicates that the enzyme cannot distinguish between 
adjacent nucleotide substitutions. 
^Restriction endonuclease enzymes predicted to cleave at the 
substitution site shown in the left-most column. 
®The target sequence or sequences of the restriction enzyme that is 
in the adjacent column. The underlined nucleotide is the one gained or 
lost in nucleotide substitution and results in the gain or loss of a 
restriction site. 
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nt 351 is compared with a ladder that has a guanine at nt 351 (Figure 
1). The nucleotide substitution has created a Haelll site (CCGG) in the 
molecule between nt 350 and 351. The hypervariable site at nt 363 was 
also detected by RFLP analysis and was confirmed by sequencing. 
Because the sequence of mtDNA is known, we can predict nucleotide 
substitutions that should be detectable by RFLP analysis. Table I shows 
locations of nucleotide substitutions and the restriction enzymes 
currently available that recognize these substitutions. Most nucleotide 
substitutions (27 out of 48) cause RFLP differences that are detectable 
by RFLP mapping. Of the 27 detectable sites, however, only 21 can be 
used to distinguish clearly between different genotypes, usually because 
the enzymes cannot distinguish between nucleotide substitutions if both 
are within the recognition sequence for the enzyme. Sixteen of the 48 
nucleotide substitution sites reported in cattle (this dissertation) are 
in clusters of two or three adjacent nucleotide substitutions, and 
105 
Figure 1. Comparison of nucleotide sequence ladders between 
polymorphic mtDNA samples. The DNA on the left 
can be cut at the arrows with Haelll and the DNA 
on the right cannot. A nucleotide transversion at 
nt 351 causes the polymorphism. Haelll recognizes 
the DNA sequence CCGG 
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adjacent sites are less likely to be distinguished by RFLP analysis. 
Cattle were assigned to maternal lineages based on nucleotide 
substitutions in the D-loop region (Table 2). For 27 maternal lineages 
(as defined by pedigree analysis), sequencing data were available for 
two or more members. In these lineages, 18 mtDNA genotypes were present 
as determined by nucleotide sequencing because some maternal lineages 
shared the same mtDNA genotype. RFLP data were used to further classify 
the cattle into 22 genotypes. Our assumption that the mtDNAs of all 27 
maternal lineages were different was incorrect. 
In several cases, branched maternal lineage histories were present 
as the lineages that share markers at nt 16,057 illustrate (Figure 2). 
Lineage 9 clearly preceded the formation of lineages 18 and 240 in the 
branching order. A larger partition of cytoplasmic genotypes is at nt 
169 where the population is divided into nt 169 (guanine) and nt 169 
(adenine) genotypes (Table 1). 
Table 2. Occurrence of nucleotide substitutions and RFLPs in 34 maternal 
lineages of Holstein cows 
Maternal 
lineagea 







7 16074 TC, 16250 AG 
9 16057 GA, 169 AG 
5,17,59 16231 GT 
16 16051 TC, 16141 TC, 106 TC, 
169 AG, 363 CG 
18 15934 CT, 16057 GA, 
169AG, 363 CG 
22 15964 AG, 351 GG 
23 ND 
33,161 169 AG 
161 169 AG 
281 169 AG 
39 16022 GA, 16049 CT, 363 CT 
72, 289, 479 ND 
75 16101 TC, 16119 TC 
78 16085 TC, 16121 GA, 169 AG, 363GC 
363 GC 
102 16126 TC, 16127 CT, 
169 AG, 363 CG 
110 16301 CT, 16316 TC, 6 TG, 
7 GA, 363 CG 
162,287,292 16247 CT, 169 AG, 363 CG 
240 15057 GA, 16113 TG, 
16121 GC, 169 AG, 363 CG 
282,892 16057 GA, 16113 TC, 16121 GC, 
106 TC, 169 AG, 363 CG 
307 16250 AG, 169 AG, 351 GC, 363 CG 

























^Founding animal in the herd for maternal lineages that are independent when 
traced to their earliest maternal origins in the Holstein Herdbook. 
^Nucleotide site nomenclature is the same as for Table 1. Sites of 
nucleotide substitution were determined by nucleotide sequencing; restriction 
sites were determined by RFLP analysis. A blank for sites of nucleotide 
substitution or for restriction sites means that no differences were found; 













Figure 2. The derivation of maternal lineage branching order 
by using nucleotide substitutions. The 
numbers inside the box are maternal lineages that 
correspond to the lineages in Table 2. The 
numbers outside the box indicate the mtDNA 
genotype of the maternal lineage 
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DISCUSSION 
The frequency of nucleotide substitution in the D-loop region of 
intDNA in Holstein cattle is less than that found in humans (Aquadro and 
Greenberg, 1983) and rats (Brown et al., 1986). The selection of a 
single breed of cattle with European origins, however, suggests that the 
nucleotide diversity is likely to be less than mtDNA diversity across 
more breeds and countries. Nevertheless, sufficient variability seems 
to be present to determine maternal lineages based on molecular data. 
Correct assignment of animals to cytoplasmic lineages is crucial to 
address questions of cytoplasmic involvement in quantitative traits 
related to milk production. Misidentification of dairy cattle, based on 
blood typing data, is common in the U.S. so that the determination of 
cytoplasmic lineages by pedigree analysis alone is insufficient. Based 
on the presence 48 nucleotide substitutions in the D-loop region of 
bovine mtDNA and the detection of 11 polymorphic sites by RFLP analysis, 
sufficient variation seems to exist for the assignment of animals to 
cytoplasmic lineages based on mtDNA genotypes. 
Qualifications are needed in the use of nucleotide differences for 
animal identification. The Hpall site at nt 363 must be discounted or 
ignored in cytoplasmic lineage assignments because this site varies 
within maternal lineages (Laipis et al., 1988; Koehler, 1989). Evidence 
of rapid shifts in mtDNA sequences that include three of the 48 
nucleotide substitutions shown here has been reported (Olivo et al., 
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1983), but we have been unable to confirm intralineage variation at any 
site but nt 363. 
Restriction analysis of mtDNA in a population with defined sequence 
variability is an efficient way to survey mtDNA because of the relative 
simplicity of RFLP use over mtDNA cloning and nucleotide sequencing. 
The detection of nucleotide variation by RFLP analysis is less 
complicated for mtDNA than for nuclear DNA because mtDNA is less 
methylated (Brown and Goodman, 1979). Methylation of DNA can cause DNA 
to be resistant to restriction endonuclease activity. The detection of 
some restriction fragments of mtDNA can be difficult, however, if DNA 
fragments of similar size co-migrate and make the restriction pattern 
uninterpretable. Southern blotting procedures with appropriate 
selection of a DNA probe can often circumvent this difficulty. 
Cattle from 27 maternal lineages were traced by pedigrees to 
maternal matriarchs in the Holstein herdbook. These 27 maternal 
lineages contained 18 different mtDNA genotypes. Thus, if records of 
descent among these cattle are accurate, divergence of these cytoplasmic 
genotypes occurred before the Holstein Herdbook was established. The 
rate of D-loop sequence evolution, though high, is not high enough to 
generate enough mtDNA variation in a span of one hundred years to 
obscure mtDNA genotypes. Divergence of mtDNA genotypes is not 
surprising, given the narrow geographic origins of Holstein cattle 
imported into the United States. It seems likely that the number of 
cytoplasmic genotypes actually present in cattle will be overestimated 
if maternal lineages are defined by pedigree analysis alone. 
Ill 
Applications of these data are twofold. First, degrees of 
cytoplasmic relatedness among groups of cattle can be determined and 
this can yield information about the maternal descent of breeds and 
degrees of genetic isolation of local populations. Second, the question 
of cytoplasmic contribution to quantitative traits in dairy cattle can 
be addressed more rigorously. The classification of cattle into 
cytoplasmic lineages is necessary for association of cytoplasmic genes 
with production traits and for experiments that use mating designs to 
detect cytoplasmic gene effects. 
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The objective of the research presented in this dissertation is to 
describe the variation present in a portion of mitochondrial DNA (mtDNA) 
in a herd of Holstein cattle. Part of the justification for this 
research is that mtDNA genotype may influence animal function 
sufficiently to cause measurable differences in quantitative traits 
related to animal production. The question of genotype influence on 
phenotype is not addressed in this dissertation and remains a fruitful 
area for investigation. The data in this dissertation indicate that 
significant variation exists in mtDNA of dairy cattle. Furthermore, the 
development of methods to assay this variation implies that measurements 
of sequence variation can theoretically be applied to more animals. 
Qualifications exist in the use of the results presented. 
Variation exists in mtDNA within maternal lineages of cattle at two 
sites in the D-loop region, and these sites should not be used for the 
classification of cattle into maternal lineages. It seems unlikely that 
significant variation within lineages occurs at other sites in the D-
loop region but, until mtDNA of more maternal lineages is characterized, 
intralineage variation of mtDNA at these sites cannot be ruled out. 
Cattle, therefore, may be classified into maternal lineages based on D-
loop genotypes if intralineage variation is accounted for. Surveillance 
in all experimental designs for intralineage variation seems prudent 
until more is known about the D-loop region of bovine mtDNA. 
The types of nucleotide substitution that occur in the D-loop 
region of cattle are somewhat unusual. There is a general underuse of 
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adenine (light strand, thymine on the heavy strand). Furthermore, 
across human, rat, and bovine species there is, generally, an underuse 
of thymine and cytosine (pyrimidines) for heavy strand substitution 
(purines for the light strand). Mechanisms that could account for this 
are not understood, but the triplex structure of the D-loop of mtDNA 
could be involved. A run of 93 nucleotides in the D-loop structure 
contains 12 C-T interconversions and this suggests that nucleotide 
substitution bias could exist on the D-loop structure. The labile 
nature of single-stranded DNA and the lack of repair mechanisms for 
single-stranded DNA could contribute to this high rate of nucleotide 
substitution in such a small region. 
MtDNA sequence data from other species have been used to estimate 
phylogenetic relationships among animals. Evidence presented in this 
dissertation suggests that unique maternal lineage histories exist for 
domesticated cattle. First, the high number of transversions relative 
to transitions is unusual within species. Second, the population of 
cattle that was sampled seems to be partitioned into two major genotypes 
by a nucleotide transition at nt 169. Finally, in 27 maternal lineages 
characterized and assumed not to be maternally related over the past 100 
years, only 18 mtDNA genotypes were present. These results suggest that 
there has been the parallel propagation of a relatively small number of 
maternal lineages of cattle over time. This could have resulted from 
maternal lineage-based selection of cattle by humans and the extinction 
of many maternal lineages randomly over time and by human selection. 
The determination of mtDNA genotypes across other animal populations and 
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breeds is important to verify the conclusions reached with these data 
from a single breed of cattle. 
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Collection of Blood for Isolation of Leukocyte 
Equipment and reagents 
A. EDTA 0.5 M pH 8.0 for use as anticoagulant 
B. One-liter collection bottles (Gibco style). Add 1 ml of 0.5 M 
EDTA for each 100 ml of blood to be drawn. 
C. Sterile disposable 14 ga. needles for cows or calves. 
D. Cow clippers (optional,e.g.if cows have winter coats). 
E. Clean, warm rinse water in a four-gallon pail. 
F. Rope halter. 
G. Vacuum pump, small electric lab style like the kind used for 
collection of rumen fluid. 
H. Extension cord. 
I. Tygon collection and vacuum line tubing, with luer-lock 
fittings to connect to hub of bleeding needles. 
Procedure 
A. Restrain animal with a head catch. Fasten halter, and 
hyperextend neck by pulling halter to right or left and tie 
off halter. If convenient, draw blood from the left jugular 
vein because of higher pressure and prominence of the left 
vein over the right. 
B. Clip area over external jugular vein, if needed. A patch about 
4 cm X 10 cm should be sufficient. 
C. If using a needle larger than 14 ga., then block the puncture 
site with 1-2 ml of 2% Xylocaine. 
D. Start the vacuum pump and insert needle at about a 30-degree 
angle to the exterior jugular vein. Apply pressure below 
puncture site before needle insertion to occlude jugular vein 
and to allow easier visualization of the vein. Withdraw 
required amount of blood into Gibco flask, and be sure to 
agitate blood by swirling during collection to ensure complete 
mixture of the EDTA anticoagulant. Apply pressure below the 
vein during collection to allow blood to pool in the vein and 
to flow more readily. Total flow time is 2-4 min for the 
required 400 ml of blood. 
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Withdraw the needle and allow vacuum to clear the tubing of 
blood. Briefly apply pressure to the puncture site until 
bleeding ceases. 
Place collected blood on ice, and draw clean water through 
collection tubing to clear old blood, or change tubing between 
cows. 
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Erythrocyte Lysis for Leukocyte Isolation 
I. Supplies needed. 
Lysis solution (make 
Stock Solution 
fresh daily) 





1.0 M KHCOo 
5 M NH4CI 
0.5 M EDTA, pH 8.0 
Tap distilled wati er 
total = 1 liter 
II. Procedure 
A. Pour chilled blood (350-400 ml) into 1 liter centrifuge 
bottles. Fill with lysis solution and allow lysis to proceed 
at room temperature for 5 min. 
B. Equalize weights of the bottles and spin at 3,000 rpm for 10 
minutes. 
C. Remove supernatant by decanting. A leukocyte pellet, with very 
few erythrocytes, should be present. If not, repeat the lysis 
procedure. 
D. It is very important to keep the leukocyte preparation on ice 
at all times to avoid problems with premature cell lysis. 
E. Proceed with leukocyte lysis procedure. 
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Detergent Lysis for Mitochondrial DNA Isolation 
I. Solutions needed; 
A. Detergent lysis buffer (lOmM Tris, 120mM NaCl, 50mM EDTA) 
Stock Solution Amount 
1.0 M Tris, pH 8.0 1 ml 
1.0 M NaCl . 12 ml 
0.5 M EDTA 10 ml 
Water, Ultrapure, or glass distilled 77 ml 
Total=100 ml 
B. 10% Triton X-100 
1 g Triton X-100 
Water, ultrapure, to 10 ml 
C. 25% SDS 
25 g SDS (Sodium dodecyl sulfate 
Water, Ultrapure, make up to 100 ml 
II. Procedure 
A. Suspend leukocyte pellet in 5 ml of detergent lysis buffer. 
Transfer to 15 ml Corex tubes with Pasteur or P-5000 Rainin 
pipette. Keep sample and centrifuge tubes on ice. 
B. Centrifuge at 3000 rpm for 5 min at 4° to pellet white blood 
cells. 
C. Aspirate supernatant, add 5 ml of detergent lysis buffer and 
vortex gently to resuspend cells. 
D. Centrifuge at 3000 rpm for 5 min at 4° to pellet cells. 
E. Aspirate supernatant. Add 4 ml detergent lysis buffer, and 
vortex cells gently to resuspend. 
F. Add 400 ul of 10% Triton X-100 to cell suspension and vortex 
for 8-10 seconds. Be certain that the solution has been mixed 
thoroughly. Allow cell lysis to proceed for about 5 min at 
room temperature. Suspension will become somewhat less 
opaque. 
G. Centrifuge suspension at 10,000 rpm for 5 minutes to sediment 
nuclei and cell debris. 
H. Decant supernatant to another tube and centrifuge again at 
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10,000 rpm for 5 minutes to sediment residual nuclei. 
Decant supernatant to another Corex tube. 
Add 160 ul of 25% SDS to make solution 1% with respect to SDS 




I. Solutions needed. 
A. Phenol/chloroform- phenol:chloroform, 1:1, v/v. 
B. Chloroform: Mix chloroform and isoamyl alcohol (24:1, v:v) 
C. Phenol: Redistilled reagent grade phenol. Either purchase 
molecular grade phenol or redistill in 500-1000 ml batches. 
Add 8-hydroxyquinoline to a final concentration of 0.1%. The 
phenol then is extracted twice with an equal volume of 1.0 M 
Tris-HCl (pH 8.0). A final extraction with 0.1 M Tris-HCl (pH 
8.0) is done. To be sure that the extraction phase is 
complete, the pH of the aqueous phase of the last extraction 
should be greater than 7.6. Store phenol at -20° in small 
aliquots. This should be used within approximately 3 months. 
II. Procedure 
Note: Use this procedure for isolation of 
mtDNA following detergent lysis. 
A. Add 4 ml chloroform to Corex centrifuge tube that contains 4 ml 
of Triton lysis suspension to which SDS has been added. 
Vortex for 30 sec. and centrifuge at 8000 rpm for 10 min. 
B. Transfer upper aqueous layer to a clean Corex tube. Add 4 ml 
of phenol/chloroform. Vortex for 15 sec. and centrifuge at 
8000 rpm for 10 min. 
C. Transfer upper aqueous layer to a clean tube. If the 
supernatant is cloudy, then repeat the phenol/chloroform 
extraction. 
D. Add 3 ml of chloroform. Vortex for 10 sec. and centrifuge at 
8000 rpm for 5-10 min. 
E. Transfer upper aqueous layer to a clean tube. Add 1/20 volume 
5.0 M NaCl and 3 volumes of ethanol. 
F. Precipitate DNA at -20° for at least 1 hour, or overnight. 
G. Sediment nucleic acids by centrifugation at 8,000 rpm for 10 
rain. 
H. Decant supernatant and wash pellet with 8 ral of 80% ethanol. 
Centrifuge at 8000 rpm for 5 min. 
I. Dry the DNA under vacuum for 1 hr. 
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J. Dissolve the DNA pellet in 300 ul TE buffer (10 mM Tris pH 7.5, 
1 mM EDTA). Transfer to 1,5 ml microfuge tube. 
K. Wash sample twice with diethyl ether, aspirating the 
supernatant each time. Precipitate DNA with 1/20 volume 5.0 M 
NaCl and 3 volumes of ethanol. Place on ice for 10 min and 
pellet for 10 min in the microfuge. 
L. Wash the pellet with 80% ethanol, pellet 1 min in the 
microfuge. 
M. Dry pellet under vacuum. 
N. Dissolve the DNA pellet in 10-50 ul TE. Use 1/20 of the total 
for analytical restriction endonuclease digestion. 
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Isolation of Restriction Fragments 
I. Preparative Restriction Endonuclease Digestion 
A. The reaction should contain 10-50 ug plasmid DNA at a 
concentration of 0.1-0.3 ug/ul, and in the appropriate 
reaction buffer. Add restriction enzyme at 5-10 units/ug DNA. 
The enzyme excess ensures complete digestion of the DNA. 
B. If a cloning vector is being prepared, add 1 ul of concentrated 
calf intestinal phosphatase to the digestion mixture. 
C. Incubate at 37° for 1-2 hours, then store sample frozen at -20° 
or at -80°. 
D. Analyze a sample of the digest on a minigel apparatus or on a 
vertical agarose setup. Mix 1 ul of digestion mixture, 1-2 ul 
of stop mix, and 8 ul water. Run the sample in an agarose 
gel, stain in ethidium bromide for 5 min then photograph. If 
the sample is not digested to completion, add more enzyme and 
continue digestion another two hours. 
E. Calibrate the amount of sample to apply to a preparative gel by 
comparing analytical bands to a known standard of predigested 
lambda or plasmid DNA and calculate the DNA concentration in 
the sample. 
F. Apply 8-12 ug of digested DNA to a vertical agarose gel. To 
increase the DNA separation capacity, use wide spacers in the 
vertical gel or use the horizontal gel with a trough-forming 
comb. Apply the sample in a 150-200 ul volume, with 10% of 
the volume consisting of stop mix. 
II. Electroelution of DNA Fragments 
A. Stain preparative gel in ethidium bromide for five min. 
B. Place gfc'l over a sheet of plastic acetate transparency material 
to avoid scratching the glass on the transilluminator. With a 
fresh scalpel or razor blade, excise the desired band, cutting 
as close to the band as possible. 
C. Place each fragment into a length of SpectraPor 2 dialysis 
tubing that has been cut, soaked briefly in O.IX TBE (TBE is 
0.05 M Tris, 0.05 M boric acid, and 1 mM EDTA), clamped at one 
end with dialysis clamps, and filled with O.IX TBE. 
D. Squeeze out any air bubbles trapped in the tubing and milk out 
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as much buffer as possible before clamping the free end of the 
tubing. 
E. Submerge the tubing under O.IX TBE in the horizontal gel 
chamber, cover, and connect electrodes to the sequencing power 
supply. Electroelute the DNA for 3 min at 1000 volts. 
F. Disconnect the power supply, then mix the buffer to dissipate 
heat from around the tubing. Too much heat buildup will melt 
the agarose and result in the complete loss of the sample. 
Repeat the electroelution two more times to ensure more 
complete sample recovery. 
G. Remove one clamp and slide the agarose strip out of the bag and 
discard it. Seal the tubing, and manipulate the bag to force 
into solution any DNA that adheres to the tubing walls. Using 
a P-200, transfer the tubing contents to a microfuge tube. 
H. If the volume is greater than 500 ul, fill the remainder of the 
tube with isobutanol, shake the tube, and aspirate the 
isobutanol/water azeotropic upper layer. Repeat this process 
until the volume has been reduced sufficiently. 
I. Add 1/20 volume of 1 M Tris-HCl pH 8.0 and an equal volume of 
phenol. Vortex well once per minute for three minutes and 
placing on ice between mixing periods. Spin for 3 min in the 
microfuge. Transfer the upper aqueous phase to a new tube 
using a P-200. Use a razor to cut off the tip of the pipette. 
J. Fill tube with diethyl ether, cap, shake vigorously, let the 
phases settle, then aspirate ether. Repeat two more times. 
K. Add 1/20 volume 5.0 M NaCl and 3 volumes of ethanol. Keep on 
ice for 5-10 min, then spin for 10 min in the microfuge. 
L. Carefully decant supernatant, fill tube with 80% ethanol, cap, 
invert several times, spin in microfuge 1 min, then decant 
supernatant. Repeat the wash step, then dry in the speed-vac. 
Resuspend in a volume of water calculated to yield the desired 
concentration of DNA. 
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Ligation of Restriction Fragments 
I. Determination of Insert and Vector Concentrations 
A. Prepare gel-purified samples of insert and vector by mixing 1 
ul of the fragments with 1 ul of stop mix and 8 ul of water. 
B. Run the samples on an agarose analytical gel, stain in ethidium 
bromide for 5 min, and photograph. 
C. Estimate the concentration of each fragment based on comparison 
with pre-cut standards of known DNA concentration. 
II. Ligation Reaction Conditions 
A. The 20 ul reaction volume should contain 0.4-0.8 ug of DNA. 
Use, in general, a 1:1 to 3:1 ratio of DNA insert to vector. 
Typical ligation reactions are shown below: 
Positive Negative 
Ligation Control Control 
Vector 6 ul 6 ul 6 
Insert 2 - -
Ligation mix, 2X 10 10 10 
Water 1 3 4 
T4 DNA Ligase 1 1 -
20 ul 20 ul 20 ul 
B. Heat the insert DNA, vector DNA, and water at 65° for 3 min, 
then allow to cool slowly to room temperature to more 
efficiently anneal insert and vector. 
C. Add 2X buffer and DNA ligase, and proceed with the reaction. 
D. The ligation conditions depend on the DNA used. If sticky-
ended ligation is performed, then ligation at 37° for 1-2 
hours may be adequate. Blunt-end reactions are less efficient 
and may require overnight ligation at 12°-24°. 
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E. The ligation reaction can be checked by performing agarose gel 
electrophoresis on a sample. A succcessful ligation will 
appear as several bands above the vector in the ligation 
reaction, and as only a single band in the no-insert control. 
F. The ligation mixture can be used directly to transform E. Coli 
cells. Usually 5-10 ul of the 20 ul total is used for 
transformation. The remainder of the ligation can be stored 
for additional transformations if necessary. 
Ligation Reaction Mixture 
A. Prepare the 2X ligation buffer by mixing together the following 
in a 1:1:1:1:1 ratio in the following order: 
1) 0.2 M Tris-HCl pH 7.5 
2) 75 mM MgClZ 
3) 10 mM ATP 
4) 0.1 M Dithiothreitol 
5) 0.5 mg/ml bovine serum albumin 
B. The five stock solutions can be kept frozen and thawed for use. 
Minimize the number of freeze-thaw cycles, especially for ATP, 
by storing in aliquots of 1 ml or less. 
C. The T4 DNA ligase used can be used in concentrated form for 
blunt-ended ligations, or can be diluted with 1-2 volumes of 
glycerol storage buffer, as specified by the supplier. 
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Transformation of E. Coli Cells 
Preparation of Competent Cells 
A. Into 50 ml of Luria Broth in a 250 ml flask innoculate with a 
small loop of E. Coli cells from a fresh plate. 
B. Grow at 37° with shaking until the culture appears slightly 
hazy. 
C. Measure the optical density of the sample at 550 nm against a 
non-innoculated broth blank. Harvest the cells when the 
optical density reaches the point of optimum transformation 
efficiency. This point must be determined for each strain for 
bacteria used, and 0.600 appears to be an optimal absorbance 
for E. Coli strain TG-1 cells. 
D. Place culture on ice for 10 rain or longer. 
E. Transfer the culture to a sterile 50 ml disposable centrifuge 
tube. Centrifuge for 5 min at 3000-5000 REM to pellet cells. 
F. Decant the broth supernatant and suspend the pellet in 20 ml of 
cold 50 mM CaCl2. Keep on ice for 20 min. 
G. Centrifuge for 5 min at 3000-5000 RPM, decant supernatant, and 
resuspend pellet in 4 ml of 50 mM CaCl2. 
H. The transformation-competant cells can be used immediately or 
can be kept at 0° for up to three days. 
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II. Transformation 
A. Place the transforming DNA in a raicrofuge tube on ice. Amounts 
of 10 ng to 1000 ng of ligated DNA are appropriate, and a 
range of concentrations is useful. Also include controls that 
consist of a negative control tube with no DNA and one with 
intact plasmid as a positive control. Consistent use of the 
same positive control allows the calibration of transformation 
efficieny for each batch of cells used. 
B. Add 200 ul of competant cells to each tube and mix gently. 
C. Incubate at 0° for 20 -30 rain. 
D. Heat-shock by incubation at 45° for 2 min. 
E. Add the cells to 3 ml of Luria Broth in a sterile test tube and 
incubate for 30-90 min at 37° without shaking. 
III. Plating 
k A. Pellet cells in centrifuge for 5 min at 3000 REM in large lEC 
swing-out centrifuge rotor. 
B. Decant supernatant, and resuspend the cell pellet in residual 
medium. 
C. Transfer cell suspension with sterile pipette tip to 
agarose/Luria-Broth plates with ampicillin at 50 ug/ml and 
spread with a sterile glass rod until dry. 
D. Incubate at 37° overnight. Small colonies will be visible in 
10-15 hours, which can be spread onto patches on a fresh plate 
for mini-lysate isolation. 
135 
Plasmld Preparation From Large Culture Volumes 
I. Reagents required 
Solution A: 
50 raM glucose 
25 mM Tris-Cl, pH 7.5 
10 mM EDTA 
25 mg lysozyme per 5 ml of solution (add 
just before use). 
Solution B: 
0.2 N NaOH 
1% SDS 
Solution C: 
5 M K acetate 
(Make by adding 11.5 ml glacial acetic 
acid to 29.45 g K acetate and make up to 
70 ml total volume). 
II. Procedure: First Day 
A. Streak out clone of interest onto agar plates that have 
ampicillin (50 ug/ml) or tetracycline (12.5 mg/ml) 
incorporated. 
B. Grow plates upside-down in the incubator for about six hours. 
C. Collect a small loop of cells from the streak and innoculate 
into 50 ml of LB broth that has had the selection antibiotic 
added to it. 
D. Shake overnight on the shaking water bath at 37°. 
II. Procedure: Second Day 
A. Decant the fresh overnight 50 ml broth culture into a new 50 ml 
disposable centrifuge tube, and pellet the cells at 3000 RPM 
in the large lEC centrifuge. 
B. Decant the supernatant and resuspend cells in 5 ml of solution 
A. Transfer cells to a 50 ml capped centrifuge tube and swirl 
tube for 1 min out of every 5 min for a total of 20 min. 
C. Add 10 ml of solution B, and invert for 5 min. 
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D. Add 7.5 ml of solution C, ice cold, and mix by swirling for 5 
rain. Keep on ice for 20 rain while swirling 1 rain out of every 
5 min. 
E. Centrifuge at 4,000 RPM for 20 min. 
F. Transfer supernatant to a clean centrifuge tube, taking care to 
avoid the white, flocculated material above and below the 
clear layer. 
G. Add 0.6 volumes of isopropanol and allow sample to stand at 
room temperature for 15 rain. 
H. Centrifuge at 4,000 RPM for 30 min. 
I. Further purify plasmid prep by one of the following: 
a. CsCl gradient centrifugation. 
b. LiCl precipitation, phenol extraction, and 
RNAase digestion. 
c. Restriction digestion, followed by gel 
purification. 
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Preparation of Single-stranded DNA 
Procedure : Day 1 
A. Patch transformed E. coll clones (F+ host strain) onto AMP 
plate. These clones will contain a pUC 118- or 119-based 
plasmid with a cloned insert. 
B. Grow at 37° for 5-6 hours. 
C. Innoculate a very small loop of cells into 2X YT medium with 40 
ug/ml ampicillin (10 ml total volume in a 50 ml flask). 
D. Grow in 37° shaker until the cultures reach early log phase or 
until the flask just gets cloudy. This usually takes 45-60 
min. 
E. Add 1 ul of culture supernatant (undiluted) containing helper 
phage Ml3-KO7. 
NOTE: The time at which the helper phage is added is 
critical. Altering the ratio of helper phage to hybrid 
plasmid ssDNA can result in the mutant phage molecules 
outcompeting the hybrid plasmid and predominating in 
the subsequent ssDNA preparation. This part of the 
procedure may require slight variations by the 
experimenter to calibrate the process in favor of the 
desired ssDNA molecule. Parameters that can be varied 
are growth period prior to addition of phage, and phage 
dilution, 
F. Shake at 37°, 30 min. 
G. Dump the culture in the sink, and to the residual liquid 
culture in the flask add: 
10 ml fresh 2X YT 
20 ul ampicillin stock (20 mg/ml) 
28 ul Kanamycin stock (25 mg/ml) 
H. Shake overnight, 37°. 
Procedure : Day 2 
A. Transfer each culture to a 15 ml Corex tube, spin 5 min at 
5,000 RPM. 
B. Decant the supernatant to a fresh 15 ml tube and repeat spin. 
C. Carefully decant supernatant to a fresh 15 ml tube, being 
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careful that no cells are transferred. 
D. Precipitate phage particles by addition of 2.5 ml 20% 
polyethylene glycol 6000, IM NaCl; apply tube caps and invert 
until mixed. Allow to stand at room temperature for 5-10 min. 
E. Spin at 8,000 RPM for 10 min. 
F. Decant supernatant and drain tubes. 
G. Spin at 5,000 RPM for 30 sec. 
H. Using a P-200, aspirate off residual supernatant. 
I. Resuspend pellet in 200 ul of TE and transfer the volume to a 
microfuge tube. 
J. Add 200 ul of chloroform and vortex for 30 sec. 
K. Separate phases in the microfuge for 3 min. 
L. Transfer supernatant to clean tube with a cut-off P-200 pipette 
tip. Add 100 ul of phenol, vortex for 30 sec. 
M. Add 100 ul of chloroform, vortex for 30 sec. 
N. Separate phases in microfuge for 5 min. 
0. Transfer supernatant to a clean tube. 
P. Add 400 ul of NaOH/SDS lysis solution (Solution 1 from the 
Alkaline Lysis procedure), but without lysozyme added. Mix by 
vortexing at low speed. 
Q. Add 300 ul of 5M K Acetate. Mix by inversion and gentle 
vortexing. 
R. Pellet for 5 rain in microfuge. Transfer supernatant to a clean 
tube, and avoid transferring any of the floating flocculant at 
the surface of the supernatant. 
S. Add 540 ul of isopropanol to the tubes, invert or vortex 
gently, then precipitate DNA in microfuge for 5 min. 
T. Decant supernatant and drain tubes well. (Optional: may dry 
tubes in the speed-vac at this point). 
U. Add 100 ul water to each tube, resuspend DNA. 
V. Add 5 ul of 5 M NaCl, mix, then add 300 ul of ethanol and mix 
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by inversion. 
W. Spin in microfuge for 5 min, wash twice with 80% ethanol, then 
dry in speed vac. 
X. Resuspend single-stranded DNA (ssDNA) pellet in 50 ul water. 
Y. Quantify ssDNA by measuring the optical density at 260 nm 
against a water blank. (1 0D2gQ - 40 ug ssDNA/ral). Dilute 
the preparation to 100 ng/ul. 
Z. Examine a 1 ul sample on an analytical agarose gel. Include as 
controls the ssDNA for of M13K07 and linearized pUC plasmid 
with no insert. ssDNA from a typical hybrid plasmid should 
migrate between these two standards. (pUC 118 = 3200 bp; 
M13K07 = 7000 bp). 
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DNA Sequencing Reactions 
I. Supplies 
A. Commercial DNA sequencing kit for chain-termination reactions 
that contains dNTPs and ddNTPs at their optimum concentrations 
(e.g. Pharmacia). 
B. Large fragment of DNA polymerase I (Klenow fragment), diluted 
to 1 Unit/ul with storage buffer as specified by supplier. 
C. [a-^^S]dATP, 10 mCi/ul, or equivalent 
II. Procedure 
A. Add 500 ng of single-stranded DNA to a microfuge tube. 
B. Add 1.5 ul of lOX reaction buffer (supplied with kit), 1 ul of 
sequencing primer (calibrated at 4 ng/ul), and 6.5 ul of 
water. 
C. Heat the reaction mix for 3 min at 65°, then allow template and 
primer to cool slowly and anneal. 
D. To the annealed sample, add 1 ul of Klenow (1 U/ul) and 1 ul 
(10 uCi) of [a-^^S]dATP. 
E. Distribute the annealed template and primer mix into four 
reaction tubes, 3 ul per tube, labeled G, A, T, and C. 
F. Add 3 ul of reaction mixes G, A, T, or C to each labeled tube, 
spin tubes briefly, and begin to time the reaction. 
G. After the appropriate incubation time at room termperature add 
1 ul of chase solution, spin briefly, and incubate. 
H. After the incubation time is complete, terminate the reaction 
by adding stop mix from the kit (3 ul), and heat at 90°  for 2 
min. 
I. Place samples on ice to cool, then load 3 ul into each lane of 
a DNA sequencing gel. 
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DNA Sequencing Gels 
I. REAGENTS 
A. 5X TBE Buffer 
B. Upper gel stock (6% acrylamide, 7M urea) 
weigh out: 480 g urea (common reagent grade) 
57 g acrylamide 
3 g bis-acrylamide 
C. Lower gel stock (6% acrylamide, 7M urea) 
weigh out: 480 g urea (common reagent grade) 
57 g acrylamide 
3 g bis-acrylamide 
50 g sucrose 
II. Procedure 
A. Place reagents in a 1 liter beaker, add water to make the 
volume up to about 700 ml. 
B. Stir on magnetic stirrer, set to low heat, and add about 0.5 
tsp. of anionic and 0.5 tsp of cationic ion exhange resin, and 
mix until all components are in solution. Check to see that 
solution is not excessively warm. 
C. Filter through glass wool into 1000 ml graduated cylinder to 
remove deionizing resin. 
D. Add 50 ml of lOX TBE to the upper gel stock, 250 ml of lOX TBE 
to the lower gel stock, and make up to 1000 ml with water, and 
filter using Buchner funnel and filter paper into a vacuum 
flask. 
E. Refilter through 0.45 u Millipore filter 
III. Plate Preparation 
A. Clean plates are essential for success. If you touch the 
plates with dirty fingers, the gel will stick to the plates or 
air bubbles will form during the pouring process. 
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B. Squirt a small amount of Alconox detergent solution onto the 
plate, scrub well with test tube brush, and rinse plate with 
warm tap water. Next, rewash with Alconox then rinse with tap 
water and then with distilled water. 
C. Squirt a small amount of 80% ethanol onto the plates, dry with 
Kimwipes, and pour a few ml of siliconizing solution (1% 
hexamethyldisilane in benzene) onto plate under fume hood. 
Spread the solution out, then rub into the glass. 
D. Place side spacers onto plate, then lay second plate on top. 
Seal gel sandwich with polyethylene tape (American Scientific 
Products # L1612-1), reinforcing the bottom and corners. 
E. Clamp the sides of cassette with spring clamps and stand the 
cassette upright. 
III. Gel Preparation 
A. Measure out 70 ml of upper gel solution, and 20 ml of lower gel 
solution. 
B. Pour upper gel mix into vacuum flask, and degas under water 
vacuum while swirling. 
C. Repeat for the lower gel fraction. 
D. Portion the solutions into 60 and 20 ml fractions (upper gel) 
and a single 20 ml fraction (lower layer). 
E. Add 50 ul of 10% ammonium persulfate (APS) to each of the lower 
gel components, and swirl gently to mix. 
F. Add 3 ul of TEMED to each of the lower gel components and swirl 
gently. 
G. Into a 50 ml syringe, draw first the upper gel then the lower 
gel component. Draw a few air bubbles through the layers to 
allow some mixing to occur. 
H. With the plates at about a 30° angle, squirt the lower gel 
layer between the plates and allow it to flow to the bottom of 
the plates. 
I. To the 60 ml upper solution, add 180 ul of APS, swirl flask, 
then add 12 ul TEMED and swirl. 
J. Draw the upper layer into the syringe and squirt between the 
layers of the gel cassette. Tap the plates to dislodge 
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bubbles that form. With many uses, the plates tend to 
accumulate bubbles more easily, so have new plates made to 
replace ones that always accumulate bubbles. 
K. Slowly lay the gel cassette down and insert comb with teeth 
pointing up. 
L. Wrap the top of the cassette with Saran wrap and leave it 
wrapped until the gel is used. Gels should not be poured more 
than a day in advance of running them. 
IV. Setup of gel 
A. Cut off the bottom tape with a razor blade, and rinse the 
cassette under tap water. 
B. Remove the comb, invert it, and insert with the teeth facing 
down until the teeth penetrate the gel slightly. 
C. Set the cassette up on the sequencing apparatus, fill the upper 
and lower buffer chambers with IX TBE, and rinse out sample 
wells with a Pasteur pipette. 
V. Running the Gel 
A. Load a 2-3 ul sample into the wells using thin pipette tips. 
B. Apply voltage of up to 50 mA, or 1200-1400 V. Be sure that the 
positive electrode is at the bottom. 
C. Run until the bromphenol blue dye reaches the bottom of the 
gel, turn down the voltage, then shut off and disconnect the 
power supply. 
VI. Processing the Gel 
A. Remove the gel cassette from the apparatus, lay it down flat, 
and remove the comb and tape. 
B. Pry the plates apart with a razor blade or a small spatula as a 
lever. If the plates are cleaned properly, the gel should 
stick to one of the two plates. 
C. Trim the gel edges with a razor blade to remove unneeded 
acrylamide. 
D. Lay the plate in a large tray and slowly pour over it a 
solution of 5% acetic acid, 5% methanol.. Pouring the solution 
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directly onto the gel will help prevent the formation of 
wrinkles at the edges of the gel. 
E. Remove the plate with the gel attached, drain it gently, and 
lay it down flat. Press onto the gel a piece of blotting 
paper similar in size to the gel. 
F. Lift a corner of the blotting paper and, slowly, curl the paper 
up and away from the glass. The gel will adhere to the paper. 
Keep curling until the gel is free of the plate and facing 
upward. 
G. Place the gel on the gel dryer, cover with Saran wrap, apply 
the vacuum, and heat at 65° for 30-60 min, 
H. Remove the Saran wrap, and, in the dark room, place the dried 
gel surface against a sheet of Kodak X-Omat AR film in an X-
ray film cassette. 
I. Place the casssette at -80° for 12 to 24 hours. 
J. Develop the film 2 min in developer, 1 min in water, and 2-3 





Maternal Cloning Nucleotide 
lineage Clone Animal vector substitution 
6/10 289 3161 119 216, 169, 363 
6/10 396 2665 119 16022 
6/10 212 2414 118 16022, 16050, 16111, 
16203, 16256, 16265, 16267 
8/155 117 2397 118 169 
8/155 301 2123 119 169, 216, 8, 
16058 
8/155 393 2397 119 216, 16141 
8/155 117 2397 118 
34 140 2403 119 216, 363 
34 319 3099 118 16252, 169 
50 258 3108 119 216, 173, 445 
62 399 2768 119 216, 169, 16022 
299 3162 119 216, 169, 16249 
363, 15947 
132 2568 118 216, 169 
2568 2568 118 
157 80 1831 118 169 
284 279 2990 119 216, 363 
284 164 2181 118 16022, 16049 
332/336 311 3122 119 216, 363, 
16231 
332/336 81 1878 118 16016, 16074 
353 238 2534 118 16050, 106, 
169, 216 
353 341 2737 119 106, 216, 15895 
15893 
353 150 2534 118 16050 
483 334 2681 119 216, 169 
5 219 1960 118 216, 16247, 169 
5 369 2631 119 16231, 363 
5 211 2393 118 169 
7 328 2948 119 363, 216, 16250, 
16074 
7 305 3160 118 16250, 16074 
9 303 3118 119 16057, 169, 363 
9 222 2268 118 169, 16247 
13 313 3125 119 216, 363 
16 309 3137 119 216, 169, 16141, 
16051 
16 367 2540 119 216, 169, 16141, 
106, 16051 
17 128 2532 118 169 
17 308 3117 119 16231, 216, 363 
17 376 2420 119 16230, 216, 363 
17 120 2473 118 
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Maternal Cloning Nucleotide 
lineage Clone Animal vector substitution 
18 349 2668 119 216, 169, 16057, 
15934 
18 88 2166 118 16058 
22 346 2958 119 216, 15964 
363 
22 206 3064 118 169 
23/240 384 2644 119 169, 16121, 
216, 16113, 16057, 
23/240 300 3042 119 169, 16022, 16049, 
216 
23/240 119 2439 118 169 
33 205 3058 118 169 
33 407 2655 119 169, 216 
33 205 3058 118 
39 344 2597 119 16049, 16022 
59 398 2519 119 16231, 216 
59 282 3151 119 16231, 216 
59 220 1975 118 169, 16247, 216 
75 204 3056 118 16101, 363, 
16101, 16119, 216 
75 397 2829 119 16101, 363, 
16101, 16119, 216 
78 255 3114 119 16085, 16121, 
169, 216 
78 357 2677 119 16085, 16121, 
216 
78 391 2483 119 16085, 16121, 
169, 216 
78 414 2877 119 16085, 16121, 
169, 216 
78 415 2899 119 16085, 16121, 
169, 216 
78 418 2059 119 16085, 16121, 
169, 216 
78 410 2636 119 16085, 16121, 
169, 216 
78 92 2259 118 16058 
80 216 2588 118 169 
80 90 2177 119 216 
80 297 3033 118 106, 16057, 
16113, 16121 
80 375 2757 119 216, 363 
80 216 2588 118 
81 416 2708 119 363 
81 394 2524 118 
81 115 2482 118 363 
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Maternal 





102 235 2611 118 169 
102 321 3027 119 169, 216, 16126, 
• 16127 
102 395 2841 118 16126, 16127 
110 372 2690 119 6, 7, 16316, 16301 
161 315 3130 119 216, 169 
161 400 2559 119 
161 201 3040 118 216, 169 
161 154 2559 118 169 
162 408 2153 119 216, 169, 16247 
162 335 2535 119 216, 169, 16247 
162 202 3041 118 169, 16247 
281/340 330 2965 119 216, 169, 363 
281/340 215 2555 118 169, 363, 15976 
281/340 403 2555 118 169, 363, 15976 
281/340 417 2760 119 216, 16050, 214 
281/340 215 2555 118 
281/340 230 2476 118 
282/892 401 2687 119 169, 216, 106, 
16113, 16157, 16121 
282/892 386 2727 119 16113, 16057, 169, 
216, 106 
282/892 121 2484 118 216, 16057, 169, 
16113, 106, 
16121 
287/292 93 2269 118 16050, 169 
287/292 336 2607 119 169, 216, 16247 
287/292 390 2783 118 169, 216, 16247 
287/292 93 2269 118 16050 
307 217 2602 118 16058, 8, 169 
307 296 2988 119 216, 169, 16250, 
351 
307 412 2318 119 169, 16250, 351 
307 405 2318 119 216, 169, 16250 
351 
561 292 3015 119 16074, 16122, 
16139, 363 
561 385 2619 118 16074, 16122 16139 
561 218 2619 118 16122, 169 
899 314 3126 118 363, 16074, 
16122, 16139 
899 79 1704 119 216, 16121, 16085 
